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ABSTRACT

Phenolic compounds, including anthocyanins in muscadines have attracted much
attention due to their diverse biological activities. With bioassays of antioxidant activities
in terms of total phenolic content (TPC), total flavonoid content (TFC) total anthocyanin
content (TAC), total procyanidin content (TPA), oxygen radical absorbance capacity
(ORAC), ABTS radical scavenging Activity (ABTS), ferric reducing antioxidant power
(FRAP), and oil peroxidation inhibitory capacity of all muscadine samples, the
muscadine grapes showed strong antioxidant activities. The liquid-liquid organic solvent
extraction successfully separated the anthocyanins and other phenolics to different
fractions. Strong linear relationship between responses of TPC, TAC and TPA versus
their antioxidant activities was assessed, which suggested that phenolic compounds in
muscadine extracts contributed significantly to their antioxidant potential.
Inhibitory mode and anti-diabetic activities of the muscadine extracts on three
enzymes, i.e. α-glucosidase, α-amylase and pancreatic lipase, were investigated. This
study demonstrated that the phenolic and anthocyanin-rich extracts and the selected
representative phytochemicals (i.e., catechin, quencertin, ellagic acid, cyanidin and
cyanidin-3,5-diglucoside) obeyed the competitive mode against the enzymes. The results
also showed that the muscadine extracts that possessed the strong anti-diabetes activities
on the α-glucosidase and lipase might be ascribed to the major contributions from
anthocyanins and other phenolics.
The anti-cancer activity of muscadine extracts was confirmed by the dosedependent inhibition of cell proliferation in two other cancer cell lines, colon cancer cells
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HT29 and breast cancer cells MCF-7. The results indicated that, generally, the phenolicsrich and anthocyanins-rich fractions of muscadines exhibit the strong anti-proliferative
activities rather than other fractions. Therefore, muscadine fruits, as well as seed and skin
portions had health-promoting properties against the colon and breast cancer cell growth.
This

study

also

successfully

established

a

high-performance

liquid-

chromatography Evaporative light scattering detector (HPLC-ELSD) method, which is a
universal detector able to detect almost any compound, for the simultaneous
determination of phenolic acids, flavonoids and anthocyanins in muscadine grape.
Further chromatographic analysis by HPLC-UV-MS identified 24 phenolics, including 5
anthocyanins. Results from the HPLC-MS quantification suggested that gallic acid,
proanthocyanidins, and ellagic acid were the main phenolics in muscadines, while
anthocyanins were the main ones in Noble muscadine and skin portion.
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CHAPTER ONE
LITERATURE REVIEW
Introduction
Regarding harmful effects of free radicals that can cause many kinds of disorders
and chronic diseases in the human body, such as development of atherosclerosis, aging,
diabetes, rheumatoid arthritis, cancer, Alzheimer‟s and Parkinson‟s diseases, increased
risks of blood clot formation, etc., (Hollman & Katan, 1999; Lee & Lee, 2006),
antioxidants as a group of functional compounds have attracted many research interests
because either natural or synthetic antioxidant compounds are able to scavenge free
radicals and inhibit oxidation processes in different degrees (Spacil, Novakova, & Solich,
2008). Food rich in antioxidants have been reported to possess various health benefits,
including the prevention of cardiovascular diseases (CVD), cancers, neurodegenerative
diseases, inflammation, and problems caused by cell and cutaneous ageing. Although
various types of antioxidants have been chemically identified, their antioxidant and other
biological activities are still the hot spots of research interests.
Phenolic compounds as the secondary metabolites belong to a class of
phytochemicals that play a major role in plant defense. In addition, some of them possess
important nutritional and organoleptic properties (Sandhu & Gu, 2010). Many phenolic
compounds are able to protect the human bodies from the oxidative stresses caused by
free radical species (Djousse, Arnett, Coon, Province, Moore, & Ellison, 2004; Arts, &
Hollman, 2005; Zhang et al., 2011). Anthocyanins, which are responsible for bright
colors such as orange, red, and blue depending on pH, belong to the widespread class of
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phenolic compounds called flavonoids (Wu & Prior, 2005). They are glycosides of
anthocyanidins. Anthocyanins have exhibited multiple antitoxic and anti-carcinogenic
effects such as directly scavenging reactive oxygen species (ROS), increasing the
oxygen-radical absorbing capacity of cells, preventing the generation of free oxygen
radicals, stimulating the expression of Phase II detoxification enzymes, reducing the
formation of oxidative adducts in DNA, decreasing lipid peroxidation, inhibiting
mutagenesis by environmental toxins and carcinogens, reducing cellular proliferation by
modulating signal transduction pathways, and affecting cell cycle regulator proteins
(Wang & Stoner, 2008).
Muscadine grapes (Vitis rotundifolia) are commonly grown in the southeastern
United States and are well-adapted to warm, humid climates, which are unsuitable for the
growth of other grapes (Vitis vinifera). Muscadine grapes contain a large variety of
antioxidant phytochemicals. They are reported to contain hydroxybenzoic acids, ellagic
acid in free and conjugated form, resveratrol, and flavonoids, including anthocyanins,
quercetin, myricetin, and kaempferol (Ector, 2001; Huang, Wang, Williams, & Pace,
2009; Lee, Johnson, & Talcott, 2005). Previous studies reported that muscadine grapes
had strong antioxidant capacity because of their high concentration of phenolic
compounds, particularly anthocyanins (Sandhu & Gu, 2010; Sandhu, Gray, Lu, & Gu,
2011; Huang, Wang, Williams, & Pace, 2009). Cell culture studies have suggested that
polyphenols from muscadine grapes can inhibit proliferation of colon cancer cells and
induce their apoptosis (Mertens-Talcott, Lee, Percival, & Talcott, 2006; Yi, Fischer, &
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Akoh; 2005; Hudson et al., 2007). Also, phenolics in muscadine grapes were reported to
possess the anti-diabetic property (You, Chen, Wang, Luo, & Jiang, 2011).
Reversed-phase high performance liquid chromatography (RP-HPLC) is now
commonly used for the separation of complex mixtures of phenolic compounds and other
natural products in plant extracts. RP-HPLC is a kind of HPLC which has a non-polar
stationary phase and a moderately polar mobile phase. Traditional HPLC systems are
commonly connected with an UV detector to analyze phenolics. Unlike the HPLC-UV
method, the high performance liquid chromatography-mass spectrometry (HPLC-MS)
provides useful structural information (i.e., mass spectrum), which allows for tentative
compound identification when standard reference compounds are unavailable and when
peaks have similar retention times and UV absorption spectra (Häkkinen, Karenlampi,
Heinonen, Mykkanen, & Torronen, 1999; Seeram, Lee, Scheuller, & Heber, 2006).
Hence, HPLC-MS is a more powerful tool for phytochemical analysis. In addition, a solid
phase extraction (SPE) with various functional cartridges can be used to clean and
fractionate free phenolic acids and flavonoids to facilitate the chemical analysis (Chen,
Zuo, & Deng, 2001; You, Wang, Chen, Huang, Wang, & Luo, 2011).

Research for Phenolic Compounds
Structures and Biosynthesis of Phenolic Compounds in Plants
Phenolic compounds, sometimes called phenols or phenolics, are a class of
compounds consisting of one or more hydroxyl (-OH) groups attached to an aromatic
hydro-carbon ring. So far, more than 8,000 phenolic compounds have been identified.
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These phenolics are categorized into different classes depending upon their structures,
varying from simple phenolic acids (hydroxybenzoic acid and hydroxycinnamic acid) to
complex polyphenols (condensed and hydrolyzable tannins) (Bravo, 1998; Waterman, &
Mole, 1994). The simplest is phenol (C6H5OH). The 3 main classes of dietary phenolics
are phenolic acids, flavonoids, and polyphenols (King & Young, 1999). The structures of
major phenolic compounds are displayed in Figure 1.1.
The biosynthetic pathways of phenolic compounds in plants are well known and
reported in many studies (Haddock, Gupta, Al-Shafi, Layden, Haslam, & Magnolato,
1982; Harborne, 1988; Macheix, Fleuriet, & Billot. 1990; Bennet & Wallsgrove, 1994;
Dixon & Paiva, 1995; Strack, 1997; Whiting, 2001; Boudet, 2007). The biosynthetic
pathways of some flavonols and phenolic acids are shown in Figure 1.2. Phenylalanine,
produced in plants via the shikimate pathway, is a common precursor for most phenolic
compounds in higher plants (Macheix, Fleuriet, & Billot. 1990, Strack, 1997) (Figure 1.2).
Started with L-phenylalanine, the phenylalanine/hydroxycinnamate pathway defined as a
“general phenylpropanoid pathway” is the basic pathway for biosynthesis of phenolic
compounds. The general phenylpropanoid pathway, as the name implies, generates a
substrate common to a number of phenylpropanoid compounds, including flavonoids,
monolignols, hydroxycinnamic acids, sinapoyl esters, and coumarins (Vermerris &
Nicholson, 2006). As shown in Figure 1.2, hydroxycinnamic acids, and particularly their
coenzyme A esters, are common structural elements of phenolic compounds, such as
cinnamate esters and amides, lignin, flavonoids and condensed tannins (Macheix, Fleuriet,
& Billot. 1990). The enzymes catalysing the individual steps in general phenylpropanoid
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metabolism are phenylalanine ammonialyase (PAL), cinnamic acid 4-hydroxylase
(CA4H), and hydroxycinnamate: coenzyme A ligase (C4L). However, besides the
general phenylpropanoid pathway, Werner et al. (2004) reported that more than 90%
gallic acid synthesized directly from the shikimate pathway, which is another important
pathway for phenolics biosynthesis.

Bioactivities of Phenolic compounds
Phenolic compounds are a major class of antioxidants found in virtually all plant
foods and often at high concentrations in vegetables and fruits. Some dietary sources of
phenolics are listed in Table 1.1. A major role of phenolic compounds in both plants and
humans is to act as antioxidants to protect the systems against oxidative stress promoted
by free radical species (Rice-Evans, Miller, & Pagana, 1997). Phenolics possess ideal
structural chemistry for free radical-scavenging activities. Many previous studies reported
that the antioxidant ability of phenolics resides mainly due to their redox properties,
which allow them to act as reducing agents, hydrogen donators and singlet oxygen
quenchers (Rice-Evans, Miller, & Pagana, 1997), and thereby scavenge the free radicals
generated during lipid peroxidation. Some fruits, vegetables, grains, and beverages,
which are rich of phenolics, have higher free radical-scavenging activities than vitamins
E and C, two of the primary natural antioxidants and chemopreventive agents (Kaur &
Kapoor, 2001). Therefore, it is thought that increased consumption of phenolic-rich foods
may reduce the incidence and mortality rates of chronic diseases (Cho, Howard, Prior, &
Clark, 2004) since oxidative stress plays a major role in many chronic diseases.
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As a result, phenolic compounds, particularly flavonoids, have been becoming the
subject of many medical researches. Phenolics, including flavonoids, have been reported
to possess many useful properties, including anti-inflammatory activity, estrogenic
activity, enzyme inhibition (Pereira, Valentão, Pereira, & Andrade, 2009), obesity
inhibitory effect (Hsu & Yen, 2008), anti-diabetic ability (You, Chen, Wang, Jiang, & Lin,
2012), antimicrobial activity (including antifungal and antibacterial activity) (Cushnie &
Lamb, 2005), antiallergic activity, antiulcer, antibiotic activity (Middleton &
Kandaswami, 1994), vascular activity and cytotoxic antitumour activity (Harborne &
Williams, 2000), and anticarcinogenic properties.
Several in vitro and in vivo experiments have shown that phenolic compounds
could inhibit cancer (Tham, Gardner, & Haskell, 1998; Yang, Landau, Huang, &
Newmark, 2001; McCann et al., 2007). Some epidemiological evidence suggests that
high consumption of plant-derived phenolic compounds may provide protection against
coronary heart disease (CHD), stroke and lung cancer (Hertog et al., 1995; Knekt,
Jarvinen, Reunanen, & Maatela, 1996; Yochum, Kushi, Meyer, & Folsom, 1999). In the
Zutphen Elderly Study, a high intake of flavonoids (approximately 30 mg/day) was
associated with approximately a 50% reduction in CHD mortality rate compared with
individuals who had a low flavonoids intake (<19 mg/day).
Thus, phenolics which by their chemical nature are antioxidants, might contribute
to the prevention of atherosclerosis, cancer and chronic inflammation. In addition, a
multitude of in vitro studies has shown that phenolics can inhibit, and sometimes induce,
a large variety of mammalian enzyme systems (Middleton & Kandaswami, 1994). Some
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of these enzymes are involved in important pathways that regulate cell division and
proliferation, platelet aggregation, detoxification, and inflammatory and immune
response. Thus, it is not surprising that effects of phenolics have been found on various
stages in the cancer process, on the immune system, and on haemostasis in cell systems
and animals (Middleton & Kandaswami, 1994).
Besides the antioxidant and anticarcinogenic properties, phenolic compounds had
been reported with other functions for human health as well. Some studies demonstrated
that phenolic compounds in plants, especially in grapes, performed a strong inhibitory
activity on diabetes mellitus, due to inhibition of the key enzymes, such as α-glucosidase,
α-amylase, and lipase (Moreno, Ilic, Poulev, Brasaemle, Fried, & Raskin, 2003; Kim,
Kwon, & Son, 2000; You, Chen, Wang, Jiang, & Lin, 2012; Zhang, et al., 2011). In
addition, phenolic compounds have the effects on induction of pre-adipocytic and
adipocytic apoptosis and inhibition of adipocytic lipid accumulation (Hsu & Yen, 2008).
Other studies involving in the treatment of obesity through cell culture and animal
models have also provided evidences that phenolic compounds could efficiently induce
apoptosis in 3T3-L1 adipocytes (Yang, Della-Fera, Hartzell, Nelson-Dooley, Hausman,
& Baile, 2006; Lin, Della-Fera, & Baile, 2005; Hwang et al., 2005; Kim et al., 2006). In
general, phenolics can inhibit a perplexing number and variety of enzymes and have a
tremendously wide range of activities, through various interactions with enzymes.
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Phenolic acid

Hydroxybenzoic acid

Hydroxycinnamic acid

Chalcones

Flavanones

Flavanonols

Flavones

Flavonols

Anthocyanidins

Gallotannins
(hydrolysable tannins)

Ellagitannins
(hydrolyzable tannins)

Simple phenolics

Flavonoids

Polyphenols

Procyanidins
(Condensed Tannins)

Figure 1.1 The structures of some major phenolic compounds. (R groups could be
replaced by -H/-OH/-OCH3) (Vermerris & Nicholson, 2006).
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Figure 1.2 Biosynthesis of hydroxycinnamic acids, hydroxybenzoic acids and flavonoids.
(Häkkinen, 2000; Whiting, 2001). Solid lines represent reactions catalyzed by single
enzymes. Dashed lines represent transformations that require multiple enzymes.
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Table 1.1 Dietary sources of plant phenolics (Naczk & Shahidi, 2006)
Phenolic compounds

Dietary source

Phenolic acids
Hydroxycinnamic acids

Blueberries, Carrots, Cereals, Pears, Cherries, Citrus,
Oilseeds, Peaches, Plums, Spinach, Tomatoes

Hydroxybenzoic acids

Blueberries, Cereals, Cranberries, Oilseeds

Flavonoids
Anthocyanins

Bilberries, Black and Red Currants, Blueberries,
Cherries,
Chokecherries, Grapes, Strawberries

Chalcones

Apples

Flavanonols

Grapes

Flavanones

Citrus Fruits

Flavonols

Apples, Beans, Blueberries, Buckwheat, Cranberries,
Endive,
Leeks, Lettuce, Onions, Olive, Pepper, Tomatoes

Flavones

Citrus Fruits, Celery, Parsley, Spinach

Isoflavones

Soybeans

Xanthones

Mango, Mangosteen

Tannins (polyphenols)
Condensed

Apples, Grapes, Peaches, Plums, Pears, Mangosteens,

Hydrolyzable

Pomegranate, Raspberries

Other phenolics
Arbutin

Pears

Coumarins

Carrots, Celery, Citrus Fruits, Parsley, Parsnips

Lignans

Buckwheat, Flaxseed, Sesame Seed, Rye, Wheat

Stilbenes

Grapes
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Interests in Anthocyanins
Anthocyanin Chemistry
Anthocyanins, which are glycosides of anthocyanidins, are the most important
group of water-soluble pigments in plants. They are mainly distributed in flowers, fruits
(particularly in berries), and vegetables. The chemicals are responsible for their bright
colors such as orange, red, and blue depending on the environmental pH values. The
pigment also belongs to a widespread class of phenolic compounds called flavonoids (Wu
& Prior, 2005), of which the main structures are displayed in Figure 1.1. Although there
is a huge variety of anthocyanins spread in nature, the main differences between them are
the number of hydroxylated groups, the nature and the number of bonded sugars to their
mother structure, the aliphatic or aromatic carboxylates bonded to the sugar in the
molecule and the position of these bonds (Kong, Chia, Goh, Chia, & Brouillard, 2003).
Up to now, more than 500 different anthocyanins (Andersen & Jordheim, 2006) and 23
anthocyanidins have been characterized (Andersen & Jordheim, 2006; Kong, Chia, Goh,
Chia, & Brouillard, 2003; Rein, 2005). However, only six anthocyanidins are common in
higher plants, they are cyanidin (Cy) 50%, delphinidin (Dp) 12%, pelargonidin (Pg) 12%,
peonidin (Pn) 12%, malvidin (Mv) 7%, and petunidin (Pt) 7% (Clifford, 2000). The
glycosides of the three non-methylated anthocyanidins (Cy, Dp and Pg) are the most
widespread in nature, being present in 80% of pigmented leaves, 69% of fruits and 50%
of flowers. The glycoside derivatives more widespread in nature are 3-monosides, 3biosides, 3,5- and 3,7-diglucosides (Kong, Chia, Goh, Chia, & Brouillard, 2003).
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The isolated anthocyanins are highly instable and very susceptible to degradation
(Giusti & Wrolstad, 2003). Their stability is affected by several factors such as pH,
storage temperature, chemical structure, concentration, light, oxygen, solvents, the
presence of enzymes, flavonoids, proteins and metallic ions (Rein, 2005).

Function of Anthocyanins
Anthocyanins are believed to play an important role in plant function. As a major
group of secondary metabolites in plants commonly consumed as food, they are of
importance in both the food industry and human nutrition. Anthocyanins have been
regarded as potential food colorants to replace synthetic colorants.
Recently, increased attention has been given to the possible health benefits of
anthocyanins in preventing chronic and degenerative diseases including heart disease and
cancer. The beneficial health effects of anthocyanins have been reported as antioxidative,
anticarcinogenic (including inhibition of carcinogenesis and potent inhibition of tumor
cell invasiveness and proliferation), participates in apoptosis induction, anti-mutagenicity,
reducing age-associated oxidative stress, and anti-inflammatory properties (Hou, 2003).
As mentioned above, the phenolic structure of anthocyanins is responsible for their
powerful antioxidant activities, e.g., their ability to scavenge reactive oxygen species
(ROS). For example, the antioxidant and other biological activities of anthocyanins were
demonstrated by several cell culture systems including cells from the colon (Parry et al.,
2006), endothelial (Bagchi, Sen, Bagchi, & Atalay. 2004), liver (Meyers, Watkins, Pritts,
& Liu, 2003), breast (Singletary, Jung, & Giusti, 2007) and leukemic cells (Feng et al.,
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2007). In these cell culture systems, anthocyanins exhibited the following properties:
direct scavenging of ROS, increasing of the oxygen-radical absorbing capacity of cells,
preventing the generation of free oxygen radicals, stimulating the expression of Phase II
detoxification enzymes, decreasing lipid peroxidation, inhibiting mutagenesis by
environmental toxins and carcinogens, and reducing cellular proliferation by modulating
signal transduction pathways and affecting cell cycle regulator proteins (Wang & Stoner,
2008; Arora, Nair, & Strasburg ,1998).
In an antioxidant study of anthocyanin fractions from Italian red wine, the
anthocyanin fraction was shown to be the most effective both in scavenging reactive
oxygen species and in inhibiting lipoprotein oxidation and platelet aggregation (Ghiselli,
Nardini, Baldi, & Scaccini, 1998). Meanwhile, Gracia, Heinonen, and Frankel (1997)
reported that anthocyanins acted as antioxidants on human low-density lipoprotein (LDL)
and lecithin liposome systems. Therefore, anthocyanins are also explicated in the
prevention of CVD. Besides, it was found that the degree of oxidative inhibition was
increased along with the concentration of the antioxidant. Several investigations reported
that the antioxidant activity in plants, particularly in berries and grapes, was shown a
linear correlation with the total phenolic content and their anthocyanin content. (Wang &
Lin, 2000; You, Wang, Chen, Huang, Wang, & Luo, 2011)
In the last decade, Meiers et al. (2001) found that the aglycones of the most
abundant anthocyanins in food, cyanidin (Cy) and delphinidin (Dp), possessed the ability
to inhibit the growth of human tumor cells in vitro in the micromolar range. Koide,
Kamei, Hashimoto, Kojima, and Hasegawa (1997) also reported the anti-tumor effects in
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vitro and in vivo of extracts from red soybeans, which mostly were composed of cyanidin
conjugated with glucose and rhamnose. Recently, more and more studies on pure
anthocyanins and anthocyanin-rich extracts from fruits and vegetables have demonstrated
anti-proliferative activity towards multiple cancer cell types in vitro (Rodrigo et al, 2006;
Reddy, Alexander-Lindo, & Nair, 2005; Chen, Chu, Chiou, Chiang, Yang, & Hsieh, 2005;
Zhang, Seeram, Lee, Feng, & Heber, 2008). Cell proliferation was inhibited by the ability
of anthocyanins to block various stages of the cell cycle via effects on cell cycle regulator
proteins (e.g., p53, p21, p27, cyclin D1, cyclin A, etc.). Anthocyanidins appear to be
more potent inhibitors of cell proliferation than the anthocyanins (Zhang, Vareed, & Nair,
2005). Also, anthocyanin-rich extracts from berries and grapes, and several pure
anthocyanins and anthocyanidins, were reported to have the effects on the apoptosis,
which plays a key role in the development and growth regulation of normal cells and is
often dys-regulated in cancer cells, in multiple cell types in vitro (Seeram et al., 2006;
Chen, Chu, Chiou, Chiang, Yang, & Hsieh, 2005; Reddivari, Vanamala, Chintharlapalli,
Safe, & Miller, 2007; Martin, Giannone, Andriantsitohaina, & Martinez, 2003).
In addition, anthocyanins function by binding with other compounds. A study of
the inter-reaction of anthocyanins and DNA was carried out by Sarma and Sharma
(1999), who found that calf thymus DNA (ctDNA) and cyanidin could form a cyanidin–
DNA co-pigmentation complex. The above results suggested that forming cyanidin-DNA
co-pigmentation might be a possible defensive mechanism against the oxidative damage
of DNA, and might have physiological functions attributable to the antioxidant ability of
anthocyanins, as well as its ability to stabilize DNA triple-helical complexes.
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Anthocyanins can also prevent the oxidation of ascorbic acid caused by metal ions
through chelating the metal ions and forming ascorbic (co-pigment)–metal anthocyanin
complex (Sarma, Sreelakshmi, & Sharma, 1997), and by direct binding to proteins.
Furthermore, anthocyanins have many other uses. For example, their important
function in cognitive decline and neural dysfunction has been investigated. Joseph et al.
(1999) found that fruit extracts including anthocyanins were effective in reversing agerelated deficits in several neural and behavioral parameters. There are also reports of
anthocyanins that provide protection against UV radiation (Sharma, 2001; Afaq, et al.,
2007).

Analytical Methods
Extraction methods
Solubility of phenolics may vary from simple to complex structures, and is
affected by the polarity of solvent(s) used. It is very difficult to develop a universal
extraction procedure suitable for extraction of all plant phenolics. Therefore, the phenolic
extracts from plant materials are always a diversified mixture of plant phenolics soluble
in the solvent system used. Solvents, such as methanol, ethanol, propanol, acetone, ethyl
acetate, dimethylformamide and their combinations have been used for the extraction of
phenolics, often with different proportions of water (Antolovich, Prenzler, Robards, &
Ryan, 2000; Luthria, & Mukhopadhyay, 2006; Robards, 2003; Zadernowski, Naczk, &
Nesterowicz, 2005). In addition, some previous researches utilized α-amylase or
combination of α-amylase, cellulose, or some other commercial enzymes to release
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phenolic acids (Zupfer, Churchill, Rasmusson, & Fulcher, 1998; Bartolome, & GomezCordoves, 1999). Additional steps may be required to remove the unwanted phenolics
and non-phenolic substances such as waxes, terpenes, fats and chlorophylls. Recently,
Revervhon and De Marco (2006) found supercritical fluid extraction (SFE) with carbon
dioxide (CO2) is a particularly suitable method to extract compounds for nature materials.
In 2009, Vatai and his co-workers used SFE-CO2 with/without organic solvents to extract
phenolic compounds from berries and grapes.
The extraction of polyphenols from plant material may be influenced by the ratio
of solvent-to-sample. Also, the recovery of polyphenols from plant materials is
influenced by the extraction time and related factors. Longer extraction times increase the
chance of oxidation of phenolics unless reducing agents are added to the solvent system
(Naczk & Shahidi, 2006).
Anthocyanins are soluble in polar solvents and normally extracted from plant
materials by using methanol that contains small amounts of hydrochloric acid or formic
acid. This solvent system destroys the cell membranes, simultaneously dissolves the
anthocyanins, and stabilizes them. The acid lowers the solution‟s pH value and prevents
the degradation of the non-acylated anthocyanin pigments. Acetone has also been used to
extract anthocyanins from several plant sources. In comparison to acidified methanol, the
use of acetone allows an efficient and more reproducible extraction, avoids problems with
pectins, and permits a much lower temperature for sample concentration (Garcia-Viguera,
Zafrilla, & Barbera, 1998). Solid-phase extraction (SPE) on C18 cartridges or Sephadex
is commonly used for the initial purification of the crude anthocyanin extracts.
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Nevertheless, anthocyanins are not extracted by the hydrolysis method, the popular assay
for phenolic compound analysis, because most anthocyanins will become anthocyanidins
via losing glycosides after hydrolysis (Zhang, Kou, Fugal, & Mclaughlin, 2004), resulting
in a few peaks in the chromatographic profile. For example, more than 15 peaks in prehydrolytical bilberry samples became 5 major anthocyanidin peaks after the hydrolysis.

Antioxidant Evaluation Methods
A wide range of methods are currently used to assess antioxidant capacity of fruits
and vegetables (Katalinic, Milos, Kulisic, & Jukic, 2006; Li, Wong, Cheng, & Chen,
2008; Miliauskas, Venskutonis, & Van Beek, 2004; Wong, Leong, & Koh, 2006).
Methods for evaluating antioxidant activity can be classified into three groups (Almela,
Sanchez-Munoz, Fernandez-Lopez, Roca, & Rabe, 2006). Group 1 includes indirect
methods, such as total phenols, Fe3+ reduction, ferric reducing antioxidant power
(FRAP), and Briggs Rauscher reaction (BRR). These methods are simple but only
slightly selective. Group 2 includes methods that use metabolites of lipid oxidation, such
as OSI determination by Rancimat, volatile products, thiobarbituric acid (TBA), which
needs specific instrumentation or has shown low selectivity. Group 3 includes methods
based on the ability to scavenge a radical-total radical-trapping antioxidant parameter
(TRAP), including oxygen radical absorbance capacity (ORAC), 2,2-azinobis (3ethylbenzothiazoline-6-sulfonate) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH). In
these assays, ABTS and DPPH, which are colored free radicals, were reported as easy
and accurate methods with regard to measuring the antioxidant activity of fruit and
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vegetable juice or extract (Sanchez-Moreno, 2002). However, ABTS and DPPH, while
simple and quite effective, need to take into consideration the hydrophilic or lipophilic
character of the samples. The ORAC assay has found even broader application for
measuring the antioxidant capacity of botanical samples and biological samples. The
TRAP assay has also been widely used. These assays differ from each other in terms of
substrates, probes, reaction conditions, and quantitation methods. It is extremely difficult
to compare the results from different assays (Huang, Ou, & Prior, 2005).
In the meantime, Iwai, Abe, and Matsue (2000) developed the XYZ-dish method
to evaluate antioxidant activity of various foods and materials, after investigating several
quantitative conditions. It is based on emission of ultra-weak chemiluminescence
(photon) in the presence of an active oxygen species (X), active oxygen scavenging
substances (Y) and receptors (Z). This method is useful as an antioxidant activity assay
for various foods against H2O2 and OH by measurement of photon and comparison with
Gallic acid (GA) as a standard antioxidant.

Detection and Identification Methods
High

performance

liquid

chromatography

(or

high

pressure

liquid

chromatography, HPLC) is a form of column chromatography used frequently in
biochemistry and analytical chemistry to separate, identify, and quantify compounds.
HPLC is commonly composed of a column that holds chromatographic packing material
(stationary phase), a pump that moves the mobile phase(s) through the column, and a
detector that shows the retention times of the molecules. Retention time varies depending

18

on the interactions between the stationary phase, the molecules being analyzed, and the
solvent(s) used. Gradient elution is used in LC to accelerate the elution of strongly
retained solutes. Depending on the interactive character of the stationary phase, the
interactive character of the mobile phase is continually changed to have interactive
properties more like those of the stationary phase during the development of a separation.
Reverse-phase HPLC (RP-HPLC) has a non-polar stationary phase and an
aqueous, moderately polar mobile phase. Nowadays, RP-HPLC accounts for the vast
majority of analyses performed in liquid chromatography. RP-HPLC is now commonly
used for the separation of complex mixtures of phenolic compounds and other natural
products in plant extracts (Chen, Zuo, & Deng, 2001). Table 1.2 gives the summary of
some applications of HPLC procedures for the analysis of various kinds of phenolic
compounds.
Different detective techniques for HPLC methods have also been developed.
Since phenolic compounds have absorption in the UV region, a variable-wavelength UV or
UV-Vis detector and diode array detection (DAD) are currently the most widely available

and commonly used technique for routine qualitative and quantitative analysis of
phenolic compounds (Edenharder, Keller, Platt, & Unger; 2001; Carando, Teissedre,
Pascual-Martinez, & Cabanis, 1999; Tomas-Barberan, Gil, Cremin, Waterhouse, HessPierce, & Kader, 2001; Peng, Hayasaka, Iland, Sefton, Hoj, & Waters, 2001; Barnes,
Coward, Kirk, & Sfakianos, 1998). Since the UV detector can not differentiate the coeluted compounds, the structural information and compound identification capacity
provided by this detector is very limited. Therefore, confirmatory analyses using more
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advanced instrumentation are needed, including Nuclear Magnetic Resonance (NMR),
Near Infrared Spectroscopy (NIR) or Mass Spectrometry (MS).
Mass spectrometric (MS) detectors, particularly electrospray ionization mass
spectrometry (ESI-MS), coupled to high-performance liquid chromatograph (HPLC–MS
tandem) have been commonly employed for structural characterization of phenolics
including anthocyanins in various fruits and vegetables (Peng, Hayasaka, Iland, Sefton,
Hoj, & Waters, 2001; Zafrilla, Ferreres, Tomas-Barberan 2001; Huang, Wang, Eaves,
Shikany, & Pace, 2007; You, Wang, Chen, Huang, Wang, & Luo, 2011). Mass
spectrometry is an analytical technique that can help to identify different chemicals of a
sample based on the mass-to-charge ratio of charged particles. Briefly, an analyte
undergoes chemical fragmentation, thereby forming charged particles (ions), which pass
through the electric and magnetic fields in a mass spectrometer according to their massto-charge ratios. Liquid chromatography-mass spectrometry (LC-MS, or alternatively
HPLC-MS) is an analytical technique that combines the physical separation capabilities
of LC (or HPLC) with the mass analysis capabilities of MS. The LC-MS, a powerful
technique used for many applications, has very high sensitivity and specificity. Various
techniques of MS, such as electro-spray ionization (ESI), atmospheric pressure chemical
ionization (APCI), negative or positive ion mode, MS–MS (using triple quadrupole), ion
trap MS, etc, provide much more precise information (Almela, Sanchez-Munoz,
Fernandez-Lopez, Roca, & Rabe, 2006). Electro-spray ionization (ESI) is a technique
used in mass spectrometry to produce ions. It is especially useful in producing ions from
macromolecules because it overcomes the propensity of these molecules to fragment
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when ionized. Therefore, it is usually used to analyze phenolics and anthocyanins.
Another technique recently used for phenolics including anthocyanins analysis
has been capillary electrophoresis (CE). Capillary electrophoresis is another novel and
versatile analytical tool for separation of many classes of compounds based on the
electrophoretic migration of charged analytes. Capillary electrophoresis techniques have
many advantages over HPLC methodology. These include less stringent purification of
sample, excellent mass sensitivity, low consumption of chemicals, minimal generation of
solvent waste, better resolution, higher efficiency and simultaneous separation and
identification of complex multicomponent mixture of structurally different chemical
species at the same time involving highly polar compounds. During the last 5 years, more
than 20 reviews on advances in the application of CE for analysis of natural antioxidants,
foods and food components have been published. Phenolics present in grapes, wines,
olives, spices, medicinal herbs, tea, fruits and oilseeds have been studied using
electromigration methods (Naczk & Shahidi, 2006). For example, Bicard, Fougerousse,
and Brouillard (1999) reported the separation of a mixture of anthocyanins, by capillary
zone electrophoresis (CZE) in acidic media. Capillary electrophoresis is a suitable
technique for anthocyanins separation, identification and quantification. However, the
method has the same problem as UVdector due to the lack of capacity of revelation of
chemical fine structure.
Furthermore, high-speed countercurrent chromatography (HSCCC; centrifugal
partitioning chromatography), an all-liquid chromatographic technique, also is very
suitable for preparative isolation of pure compounds. Separation of compounds is based

21

on their partitioning between two immiscible liquids (Degenhart, Knapp, & Winterhalter,
2000a; Degenhart, Engelhardt, Lakenbrink, & Winterhalter, 2000b). Degenhart et al.
(2000c) used HSCCC for preparative isolation of anthocyanins from red wines and grape
skins. Vitrac et al. (2001) applied HSCCC for fractionation of red wine phenolics as well.
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Phenolic acids

Phenolic acids

Phenolic acids

Wine

Herbal
medicines

Eggplant
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Red onions Flavones and
flavonols

Grape seed proanthocyanidins

Phenolics

Source

Extraction with
Methanol stabilized
with BHT; dilution
with Methanol

Sonication with
methanol:water:TFA
(50:50:1) for 30 min;
centrifugation,
filtration through 0.45
µm nylon filter
Pressurized liquid
extraction with
Methanol , ethanol,
acetone and Methanol
/H2O
Extraction with
ethanol; fractionation
of PA using Sephadex
LH-20

Extraction with ethyl
acetate

Sample preparation

Supelcosil LC-18
(250mm×4.6 mm, 5 µm)
column coupled with a
Spherisorb Supelguard LC18

Phenomenex Luna C18
column (150mm×4.6 mm,
5µm) coupled with
Phenomenex C18 ODS
guard column (4mm×3 mm)
Exsil 100 ODS C18,
reversed-phase
(250mm×4.6 mm, 5µm)
coupled to C18 column
guard

Phenomenex Luna C18
column (150mm×4.6 mm,
5µm) coupled with
Phenomenex C18 ODS
guard column (4mm×3 mm)
Agela XBP C18 column
(150 mm × 4.6 mm, 5 µm)

Stationary phase

References

A: 0.2% H3PO4 (v/v); B: 82% acetonitrile
with 0.4% H3PO4; gradient: 100%A,
0%B–85%A, 15%B, 0–15 min; 85%A,
15%B–84%A, 16%B, 15–40 min; 84%A,
16%B–83%A, 17%B, 40–45 min; 83%A,
17%B–57%A, 43%B, 45–48 min; 57%A,
43%B–48%A, 52%B, 48–49 min; isocratic
48%A, 52%B, 49–56 min; 48%A, 52%B57%A, 43%B, 56–57 min; 57%A, 43%B–
83%A, 17%B, 57–58 min; 83%A, 17%B–
100%A, 0%B, 58–60 min
A: 0.01M sodium phosphate adjusted to pH
2.5 with H3PO4; B: Methanol ; linear
gradient: 87–60%A in B, 0–13.5 min; 60–
10%A in B, 13.5–39 min; 10–0%A in B,
39–42 min; 0–87%A in B, 42–46 min

A: 0.1% aqueous formic acid; B:
Methanol ; gradient: 5–30%B, 0–50 min;
30%B, 50–65 min; 30–5%B; 100%B, 65–
75 min

Gennaro, et al.,
2002

Peng,
Hayasaka,
Iland, Sefton,
Hoj, & Waters,
2001

Luthria &
Mukhopadhyay
, 2006

A: 0.02% TFA in water; B: 0.02% TFA in
Wen, Li, Di,
Methanol ; gradient: 0–5 min 25%B; 5–10 Liao, & Liu,
min 25–30%B; 10–16 min 30–45%B; 16–
2005
18 min 45%B; 18–25 min 45–80%B; 25–30
min 80%B; 30–40 min 80–25% B

A: 0.1% aqueous formic acid; B: Methanol; Robbins &
gradient: 5–30%B, 0–50 min; 30%B, 50–65 Beans, 2004
min; 30–5%B; 5% B, 65–75 min

Mobile phase

Table 1.2 Some HPLC procedures for determination of various classes of phenolic compounds.

Table 1.2 Some HPLC procedures for deternimation of various classes of phenolic
compounds.
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Phenolic acids,
dihydrochalcones,
flavonols,
procyanidins

anthocyanins and
anthocyanidins

Red blood
orange
juice

Apple
cider

anthocyanins and
anthocyanidins

Bilberry

Ellagic acids,
flavones

anthocyanins and
anthocyanidins

Red wine

Red
raspberry

Flavones and
flavonols

Spinach

Extraction with
50%MeOH containing
2%HCl for 20min,
filtration
Homogenization with
(acetone–ethanol–
hexane, 25:25:50,
v/v/v),centrifugation,
concentration of
acetone–ethanol layer,
separation of
anthocyanins using
C18 Sep-Pak
Extraction with
Methanol , filtration,
addition of H2O,
evaporation, semipurification of
phenolics using SepPak C18, filtration
Degassing, filtration

Direct injection

Extraction of freeze
dried sample with
40% Methanol for 20
h at 4◦C;centrifugation

Nucleosil 120 C18 reversed
phase column (250mm×4.6
mm, 3µm)

Lichrocart 100 RP-18
(250mm×4 mm, 5 µm)
reversed-phase column

Prodigy ODS3 column
(150mm×4.6 mm, 5 µm)

Ultrasphere ODS column
(250mm×4.6 mm, 5 µm)

Phenomenex Luna phenylhexyl column (250mm×4.6
mm, 5µm) coupled with
security guard column
Phenomenex C18 ODS
(4mm×3 mm)
Ultrasphere (C18) ODS
(250mm×4.6 mm; 5 µm)

Zafrilla,
Ferreres, &
TomasBarberan , 2001

Zhang, Kou,
Fugal, &
Mclaughlin,
2004
Lee, 2002

Mateus, Silva,
Vercauteren, &
de Freitas, 2001

Bergquist,
Gertsson,
Knuthsen, &
Olsson, 2005

A: 2% CH3COOH; B: Methanol ; gradient: Madrera, Lobo,
0–45%B, 0–55 min; 45%B, 55–75 min
& Valles, 2006

A: 5% formic acid in H2O; B: Methanol ;
gradient: 10–15%B in A, 0–5 min; 15–
30%B in A, 5–20 min; 30–50%B in A, 20–
35 min; 50–90% B in A, 35–38 min

A: 0.1% phosphoric acid in H2O; B: 0.1%
phosphoric acid in acetonitrile; gradient:
10%B, 0–2 min; 10–50% B, 2–32 min;
50%B, 32–37 min; 50–70%B, 37–57 min

A: H2O–formic acid (9:1, v/v); B:
CH3CN–H2O–formic acid (3:6:1, v/v/v);
gradient: 20–85% B, 0–70 min; 85–100%B,
70–75 min; 100%B, 75–85 min
A: 0.4%TFA in H2O; B: 0.4% TFA in
acetonitrile; gradient: 15% B, 0–6 min; 15–
22%B, 6–20 min; 22–30%B, 20–35 min;

A: H2O/ Methanol /formic acid (69:30:1);
B: Methanol ; gradient: 15–45%B, 0–18
min; 45–100%B, 18–23 min; 100%B, 23–
27 min

Healthy Benefits of Muscadine Grapes
Muscadine grapes (Vitis rotundifolia) are commonly grown in the southeastern
United States and are characterized by a thick, pectin-laden skin that retains appreciable
amounts of antioxidant polyphenolics and simple sugars. They grow in tight small
clusters of 3-10 berries and are marketed in fresh and processed forms such as juice,
wine, and jam. They are either light-skinned (green or bronze) or dark-skinned (red to
almost black) and are 1-1.5 in. in diameter with thick, tough skin that protects them from
heat, UV radiation, humidity, insects, and fungi (Pastrana-Bonilla, Akoh, Sellappan, &
Krewer, 2003; Lee, & Talcott, 2002). The skins of muscadine grapes may account for as
high as 40% of the total fruit weight (Pastrana-Bonilla, Akoh, Sellappan, & Krewer,
2003), thus creating a significant byproduct source for value-added applications. In
various cultivars of muscadine grapes, Carols and Noble cultivars have been always
commercially planted for juice and wine production. Carols is a bronze cultivar of
excellent quality and aromatic flavor, while Noble is a dark cultivar that is relatively
winter hardy and makes a quality red wine.
Interest in bioactive phytochemicals has increased in recent years due to their
radical-scavenging and purposed disease prevention properties (Ector, 2001). Muscadines
are significant sources of several phytochemicals that have been associated with disease
prevention in humans. A number of components contribute to the antioxidant capacity of
muscadine grapes, including vitamins, carotenoids, phenolic acids, flavonols, and
anthocyanins. Many studies found that the high concentration of phenolic compounds
give muscadines a high antioxidant and chronic disease prevention capacities (Sandhu &
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Gu, 2010; Sandhu, Gray, Lu, & Gu, 2011; Wang, Tong, Chen, & Gangemi; 2010;
Striegler et al., 2005; Pastrana-Bonilla, Akoh, Sellappan, & Krewer, 2003; Lee & Talcott,
2004; Huang, Wang, Williams, & Pace, 2009). These studies reported high
concentrations of gallic acid, catechin, epicatechin, ellagic acid, and resveratrol in the
seeds and skins of muscadines, as well as anthocyanins, predominantly as 3,5diglucosides of delphinidin, cyanidin, petunidin, peonidin, and malvidin, in dark-skinned
muscadines. As presented by Lee, Johnson, and Talcott (2005), ellagic acid and its
conjugates, which have been shown to have a number of human health benefits, are one
of major phenolics in muscadines. In the meantime, Pastrana-Bonilla and his co-workers
(2003) looked at the phenolic content of various portions of the fruits of ten cultivars of
muscadines (five bronze and five purple). They found that most phenolics in the grapes
were located in the skins and seeds. The seeds were found to have the highest antioxidant
capacity compared to the other fruit parts. Striegler, et al. (2005) also studied the ORAC
values and nutraceuticals components of the berries and juice from several cultivars of
muscadines. They found that all cultivars have similar levels of total phenolics and
ORAC values.
Because of the high content of phenolic compounds, muscadine grapes have been
expected to have some health beneficial bioactivities. Several studies indicated that the
phenolic-rich extracts of muscadine grapes could fight against various kinds of cancer
cells, including colon, liver, and prostate cancer (Yi, Fischer, & Akoh, 2005; Yi, Akoh,
Fischer, & Krewer, 2006; Mertens-Talcott, Lee, Percival, & Talcott, 2006; Hudson, et al.,
2007). In addition, the anti-inflammatory properties of muscadine skin and seed extracts
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were investigated by Greenspan, et al. (2005) and Bralley, et al. (2007), while the
potential role on preventing diabetes were reported as well (You, Chen, Wang, Luo, &
Jiang, 2011).
Muscadines are also an excellent source of fiber. The beneficial effects of fiber
consumption have been recognized for many years. Fiber-rich foods help prevent
constipation, hemorrhoids, and diverticular disease. Some types of fiber may have a
cholesterol-lowering effect, which could lead to reduced risk of heart disease. In addition,
fiber may reduce the incidence of certain types of cancer, particularly those associated
with the digestive tract. It may also be helpful in controlling diabetes. Ector (2001)
reported that the fiber contents of both light- and dark- skinned muscadines were greater
than that of most other fruits and are almost three times higher than that of other types of
grapes.

Objectives of the Project
Only a few studies documented the phytochemical profiles of muscadine grapes.
Meanwhile, little research information is available for demonstrating specific
identification of phenolics including anthocyanins in different extract fractions of
muscadine grapes. Moreover, more research needs to be done to investigate the biological
functions of different portions of the muscadine grapes, such as anti-diabetic and anticancer properties. Therefore, this research was designed to address these issues.
Accordingly, the objectives of this study were as follows:


Use sequential liquid-liquid extraction to partition and separate the main phenolics
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and anthocyanins in muscadines into different sub-fractions for chemical analyses,
antioxidant, enzymatic and biological assays.


Measure the antioxidant properties by different antioxidant evaluation methods, as
well as find the correlation between the content of phenolics and their bioactivities;



Identify and quantify the bioactive phytochemicals in the muscadine grapes whole
fruit and different plant parts by HPLC-UV-MS. Establish a novel HPLC-ELSD
method for the simultaneous screening of phenolic acids, flavonoids and
anthocyanins.



Investigate the anti-diabetic activities of muscadine whole extracts and sub-fractions
in different solvents; and explore the inhibitive mode and enzymatic parameters such
as accurate dissociation constant (Ki) and IC50 values on the α-glucosidase, αamylase, and pancreatic lipase.



Study the anticancer effects of the extracts from different portions of muscadine
grapes and their sub-fractions, including phenolics-rich and anthocyanins-rich
fractions, on the proliferation of colon cancer cells HT-29 and breast cancers cells
MCF-7; Investigate the ability of pure phenolics and anthocyanins standards on
cancer cell anti-proliferation.
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CHAPTER TWO
SAMPLE PREPARATION AND ANTIOXIDANT
EVALUATION OF MUSCADINES
Introduction
Natural phenolic compounds are secondary metabolites and a major class of
antioxidants found virtually in vegetables and fruits. A major role of phenolic compounds
is to protect organisms against oxidative stress induced by free radical species (Cho,
Howard, Prior, & Clark, 2004). Because oxidative stress plays a major role in many
chronic diseases, it has been thought that increased consumption of phenol-rich foods
may reduce the incidence and mortality of chronic diseases, (Cushnie & Lamb, 2005;
McCann, et al., 2007). Anthocyanins are the special group of phenolic compounds, which
are important water-soluble pigments in plants. The health benefits of anthocyanins in
antioxidative and anticarcinogenic effects also have been reported (Hou, 2003; Wang &
Stoner, 2008).
Muscadine contains a high amount of polyphenols, anthocyanins, and other
nutrients that make it the latest subject for health-benefiting studies. There are several
well developed extraction methods used for natural products, for instance, steam and
vacuum distillation, classical organic solvent extraction (maceration), hydro-distillation
and soxhlet extraction, the so called conventional techniques. Each method presents
advantages and disadvantages, which determines its extraction effectiveness for the
product‟s final quality. Meanwhile, the phenolics or anthocyanins-rich fractions were
preferred to be perpetrated for studying their contribution to the antioxidant and other
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bioactivity properties (de Campos, Leimann, Pedrosa, & Ferreira, 2008; Zhang, Wang,
Chen, Androulakis, & Wargovich, 2007). Therefore, the liquid-liquid organic solvent
extraction was commonly used to separate and group the phenolics according to their
different polarity for this study (Byers, 2003).
A wide range of methods are currently used to assess antioxidant capacities of
fruits and vegetables: total phenols, Fe3+ reduction, ferric reducing antioxidant power
(FRAP), Briggs Rauscher reaction (BRR), thiobarbituric acid (TBA), total radicaltrapping antioxidant parameter (TRAP), oxygen radical absorbance capacity (ORAC),
2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), 2,2-diphenyl-1- picrylhydrazyl
(DPPH) and so on (Almela, Sanchez-Munoz, Fernandez-Lopez, Roca, & Rabe, 2006;
Katalinic, Milos, Kulisic, & Jukic, 2006; Li, Wong, Cheng, & Chen, 2008; Miliauskas,
Venskutonis, & Van Beek, 2004; Wong, Leong, & Koh, 2006). These methods have
shown different results according to reaction mechanisms and across research groups
(Thaipong, Boonprakob, Crosby, Cisneros-Zevallos, & Byrne, 2006). Unlike the others,
the ORAC assay takes into account the kinetic action of antioxidants. Thereby, in these
assays of measuring antioxidant activity, ORAC is considered by some to be a preferable
method because of its specificity for antioxidants, its high sensitivity and accuracy, its
wide application, and its biological relevance to the antioxidant efficacy (Dudonne,
Vitrac, Coutiere, Woillez, & Merillon, 2009; Prior, et al., 2003).
Few studies separated the anthocyanins and other phenolics into different
partitions to investigate the correlation responses of bioactivities from them. In this
section, the whole extracted and sub-fractionated samples by liquid-liquid extraction
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were perpetrated to separate the main phenolics and anthocyanins in muscadines. Several
antioxidant evaluation methods were selected to measure the antioxidant properties by
different ways, and so as to find the correlation between the content of phenolics and
their bioactivities.

Materials and Methods
Standards and Reagents
Hydrochloric acid (HCl), sulfuric acid (H2SO4), linoleic acid, β-carotene, HPLC
grade methanol, acetonitrile, and analytic grade chloroform (CHCl3), ethyl acetate (EtOAc),
and n-butanol (BuOH) were purchased from Fisher Chemicals (Fair Lawn, NJ). Folin-

Ciocalteu reagent, aluminum chloride hexahydrate (AlCl3∙6H2O), 6-hydroxy-2,5,7,8tetramethylchroman-2-carboxylic acid (better known by the Hoffman-LaRoche trade
name of Trolox), fluorescein (FL), 2,2-Azobis (2-amidinopropane) dihydrochloride
(AAPH), vanillin, 2,2‟-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), and 2,4,6-tri(2-pyridy)-5-triazine (TPTZ) were from Sigma-Aldrich (St.
Louis, MO).

Sample Collection and Preparation
Muscadine (Vitis rotundifloia) grapes, Noble and Carols, as well as the freash
seed portion were obtained from Paulk Vineyard (Wray, GA). The skin portion of the
muscadine was freshly separated from and compared with the whole fruit.
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The whole sample preparation is discreated in Figure 2.1. Twenty grams of pregrounded whole fruit, skin and seed part of the muscadine were randomly collected and
were mixed with 320 mL of methanol (MeOH), 80 mL of distilled water, and 0.1 mL/L
acetic acid, followed by 1 h of sonic treatment to extract phenolics and anthocyanins
from the muscadine samples (Huang, Wang, Williams, & Pace, 2009). For each sample,
four independent replications were prepared. Then, the extract was poured into a 500 mL
bottle through a 0.45 μm cellulose acetate filter (Costar Corp., Cambridge, MA) to
prepare the original methanolic whole extracts. The extracts were concentrated equivalent
to 1 g fresh material/mL. To prepare the other extracts, 10 mL of the methanolic extracts
was concentrated to remove the solvent completely with a vacuum rotary evaporator, and
then, it was suspended in 100 mL of distilled water. After then, the methanolic extracts
dissolved in water were sequentially fractionated by chloroform (CHCl3), ethyl acetate
(EtOAc), and n-butanol (BuOH), using liquid-liquid extraction, in sequence, using 500 mL

each (Zhang, Wang, Chen, Androulakis, & Wargovich, 2007; Cheung, Cheung, & Ooi,
2003). The remaining part after three solvent extractions was the H2O extract. All of the
extracts were concentrated by the vacuum rotary evaporator to remove the solvent
completely and redissolved in methanol again. The analyzed concentration for all four
fractionated extracts (i.e., the CHCl3 extract, EtOAc extract, BuOH extract, and H2O
extract) was accurately weighed equivalent to 2 g fresh material/mL. All samples were
stored at -20 ºC until analysis.
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Figure 2.1 Scheme of the chemical extraction in different muscadine extracts by different
organic solvents.
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Total Phenolic Content (TPC)
The total phenolic content (TPC) was determined by a modified Folin-Ciocalteu
method. Briefly, aliquots of 100 μL gallic acid standards and samples were mixed with 6
mL of distilled water with the methanol used as blank. An aliquot of 500 μL FolinCiocalteu reagent was added and mixed. After then, 1.5 mL of 20% Na 2CO3 solution
were added and mixed. The samples were allowed to sit for 2 hours. The absorbance was
measured at 765 nm. The TPC value was expressed as gallic acid equivalents (GAE) in
milligrams (mg) per 100 g fresh weight (FW) of the sample, using the standard curve
generated with the series of gallic acid standard (Singleton, Orthofer,, & LamuelaRaventos, 1999).

Total Flavonoid Content (TFC)
The total flavonoid content was determined according to the aluminum chloride
colorimetric method described by Chang, Yang, Wen, and Chern (2002). Briefly, aliquots
of 200 µL of extracts were dissolved in 2 ml methonal. This solution was mixed with 50
µL of 10% aluminum chloride hexahydrate (AlCl3∙6H2O), and 50 µL of 1 M potassium
acetate (CH3COOK). After incubation at room temperature for 30 min, the reaction
mixture absorbance was measured at 415 nm. Quercetin was chosen as a standard. The
levels of total flavonoid contents in muscadines were determined in triplicate. The data
were then converted into milligram quercetin equivalents (QE)/100 g fresh matter from
whole fruit, skin, or seed.
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Total Anthocyanin Content (TAC)
The total anthocyanin content (TAC) is able to be determined as the property of
anthocyanins that undergo reversible structural transformations with a change in pH
manifested by strikingly different absorbance spectra (Giusti & Wrolstad, 2001). Two
dilutions of the sample were prepared, one with 0.025 M KCl buffer, pH 1.0, and the
other with 0.4 M sodium acetate buffer, pH 4.5. Each was diluted by the previously
determined dilution factor (DF), which was determined by dilution with 0.025 M aqueous
potassium chloride (KCl) buffer, pH 1.0. The dilutions were allowed to equilibrate for 15
min, and then measured within 1 hour after the sample preparation to avoid a longer
standing time tending to increase the observed readings. The absorbance of each dilution
was measured at λ520nm and λ700nm (for correct haze), against a blank cell filled with
distilled water. The anthocyanin concentration (TAC) in the original sample was
expressed in equivalence of cyaniding-3,5-diglucoside that is one of the main
anthocyanin in muscadines and calculated by the following formula:
Monomeric anthocyanin pigment (mg/L) = (A×MW×DF×1000)/( ×1).

(2.1)

where, A is the absorbance of the diluted samples, which adjusted from the difference
between the absorbance of samples in pH 1.0 buffer and in pH 4.5 buffer; MW is the
molecular weight of cyanidin-3,5-diglucoside in 611; DF is the dilution factor; and  is
the molar absorptivity, which equal to 30,175 for cyanidin-3,5-diglucoside.

Total Procyanidins Content (TPA)
Total procyanidins content (TPA) of samples was determined following the
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vanillin assay (Sun, Ricardo-Da-Silva, & Spranger, 1998). Briefly, 1 mL sulfuric acid and
1 mL methanol mixed with 2 mL 1% vanillin-methanol (1:99, w/v) solution in the glass
tube. After cooling down, 100 µL diluted samples or standard solutions were added in.
The reaction mixture was held for 15 min at room temperature. The absorbance was
measured at 500 nm, and the results were reported as catechin equivalents (CE) in mg per
100 g of the sample, based on the development of a calibration curve of catechin
standard.

Oxygen Radical Absorbance Capacity (ORAC)
The Oxygen Radical Absorbance Capacity-fluorescein (ORAC-FL) assay is based
on the scavenging of peroxyl radicals generated by AAPH, which prevent the degradation
of the fluorescein probe and, consequently, prevent the loss of fluorescence of the probe
(Dudonne, Vitrac, Coutiere, Woillez, & Merillon. 2009). It was used to estimate the total
antioxidant capacity, in which the samples were diluted by 75 mM phosphate buffer. Each
aliquot of 50 μL diluted sample solution was mixed with 50 µL FL solution in a 96-well
microplate, and then 150 µL of AAPH were added to each well rapidly. To build the
Trolox standard decay curve, 50 µL blank (methanol) or Trolox standard solution were
added instead of the sample solution. The microplate was immediately placed into the
microplate fluorescence reader (Bio-Tek Instruments, Inc., Winooski, VT), of which the
temperature was ready at 37 ºC, and recorded every minute for 80 min. The excitation
wavelength was set at 485 nm with a tolerance of ±20 nm for and the emission
wavelength was set at 530 nm with a tolerance of ±20 nm. The net area under the
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fluorescence decay curve (AUC) corresponding to a sample was calculated by subtracting
the AUC corresponding to the blank. ORAC values were expressed as µmole Trolox
equivalent (TE)/g of fresh sample (You, Wang, Chen, Huang, Wang, & Luo, 2011).

ABTS Radical Scavenging Activity.
The free radical scavenging capacity of plant extracts was also studied using the
ABTS radical cation decolorization assay (Re, Pellegrini, Proteggente, Pannala, Yang,
& Rice-Evans, 1999; Rivero-Pérez, Muñiz, & González-Sanjosé, 2007), which is based
on the reduction of ABTS+• radicals by antioxidants of the plant extracts tested. ABTS
was dissolved in deionized water to a 7 mM concentration. ABTS radical cation (ABTS+•)
was produced by reacting ABTS solution with 2.45 mM potassium persulfate (final
concentration) and allowing the mixture to stand in the dark at room temperature for 1216 h before use. For the study, the ABTS+• solution was diluted in methonal to an
absorbance of 0.7 (0.02) at 734 nm. An appropriate solvent blank reading was taken.
After the addition of 200 μL of extract solutions to 2 mL of ABTS+• solution, the
absorbance reading was taken at room temperature 1 h after initial mixing. All solutions
were used on the day of preparation, and all determinations were carried out in triplicate.
The data were expressed as µmole Trolox equivalent (TE)/g of fresh sample as well.

Ferric Reducing Antioxidant Power (FRAP)
The ferric reducing antioxidant power (FRAP) of samples was determined using a
modified version of the FRAP assay (Benzie & Strain, 1996; Rivero-Pérez, Muñiz, &
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González-Sanjosé, 2008) and briefly described as follow. The working FRAP reagent
was prepared daily by mixing 10 volumes of 300 mM acetate buffer, pH 3.6, with 1
volume of 10 mM TPTZ in 40 mM hydrochloric acid and with 1 volume of 20 mM ferric
chloride. Aliquot of 100 μL of sample solutions and 300 μL of distilled water were added
to 3 mL of freshly prepared FRAP reagent. The reaction mixture was held for 30 min at
37 °C in a water bath, and then the absorbance of the samples was measured at 593 nm.
The difference between sample absorbance and blank absorbance was calculated and
used to calculate the FRAP value. In this assay, the reducing capacity of the extracts
tested was calculated with reference to the reaction signal given by a Fe2+ solution. Thus,
a standard curve was prepared using various concentrations of FeSO4. FRAP values were
expressed as µmole ferrous equivalence (FE)/g of fresh sample.

β-Carotene-Linoleic Acid Assay
In this assay, oil peroxidation inhibitory capacity was determined by measuring
the inhibition of the volatile organic compounds and the conjugated diene hydroperoxides
arising from linoleic acid oxidation (Dapkevicius, Venskutonis, van Beek, & Linssen,
1998). A stock solution of β-carotene-linoleic acid mixture was prepared as following: 10
mg β-carotene was dissolved in 2 ml of chloroform, 1 mL linoleic acid and 8 mL Tween
80 was added. Chloroform was completely evaporated using a vacuum evaporator. Then
100 ml distilled water was added with a vigorous shaking. This emulsion system was
sited to 24 h at room temperature to be clear yellow solution. After then, 2 mL of the
solution mixed with 200 µL diluted samples was incubated up to 2 h in 50 °C water bath,
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Trolox as positive control, and a blank. After this incubation period absorbance of the
mixtures were measured at 470 nm. Oil-peroxidation inhibitory capacities of the extracts
were expressed as Trolox equivalence (Tepe, Sokmen, Akpulat, Daferera, Polissiou, &
Sokmen, 2005).

Statistical Analysis
Data analysis was performed using SAS software (SAS 9.2) with PROC GLM
and PROC MIXED. The experiments for methonalic whole extracts were applied using a
complete randomized design (CRD), while the split-plot design was used for all subfractions analysis. All values were expressed as mean±S.D. The differences of means
were analyzed with Fisher‟s least significant difference (LSD) procedure (SAS Institute
Inc. 2008). Difference was considered significant at P≤0.05.

Fractionated Samples Preparation
Total Phenol Content
More than one method are strongly suggested to be used for the correct evaluation
of the antioxidant activities of food (Prior, Wu, & Schaich, 2005; Roginsky & Lissi,
2005). Therefore, the antioxidant capacities of muscadine sample whole extracts and their
sub-fractions were analyzed by diverse methods based on different mechanisms of action.
The results of total phenol content for all muscadine whole fruit extracts are shown in
Table 2.1. Total phenol content ranged from 332.94 to 591.42 mg gallic acid equivalence
(GAE)/100g fresh weight and performed obviously higher value than that in other
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reported fruits and vegetables (Balasundram, Sundram & Samman, 2006), and similar
with the results reported by Sandhu and his co-workers (2011) for total phenol amount of
Noble muscadine. According to statistical analysis, all extracts were significantly
different from each other (P≤0.05), while the seed whole extract appeared to have the
highest total phenol content (591.42±2.04 mg GAE/100g FW). For both skin and whole
fruit extracts, the total phenol content of the Noble muscadine was higher than that of
Carols Muscadine.
Figure 2.2 presents the results of the sub-fractions of all Muscadine extracts, i.e.,
chloroform (CHCl3) extract, ethyl acetate (EtOAc) extract, n-butanol (BuOH) extract and
water extract. The seed EtoAc extract had the significantly highest total phenol content
(304.48±1.86 mg GAE/100g FW) (P≤0.05) followed by the seed BuOH extract, which
had 183.64±1.15 mg GAE/100g FW total phenol. However, the results of seed subfraction extracts were different with that of the sub-fractions for the Noble skin extract.
The BuOH fraction of Noble skin extract contained significantly higher total phenol
comtemt (225.72±1.75 mg GAE/100g FW) than 137±1.54 mg GAE/100g FW of total
phenol content for Noble skin EtOAc extract (P≤0.05). It can be explained as Noble skin
contained high anthocyanin, a water-soluble pigment and an important group of
phenolics, which can be extracted by BuOH. It is believable that most of the total phenol
content in Noble skin BuOH fraction was contributed from the anthocyanin. The Noble
whole fruit BuOH extract appeared to have total phenol content as high as 151.30±2.13
mg GAE/100g FW, although the Noble EtOAc extract had higher one (198.02±1.94 mg
GAE/100g FW). In Carols whole fruit sub-fractions, the EtOAc extract had significantly
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higher total phenol concentration than other extracts (P≤0.05), and performed the most of
total phenol content (203.09±2.25 mg GAE/100g FW) from that of whole extract from
Carols (322.94±3.91 mg GAE/100g FW). The phenomena between Noble and Carols
muscadine also provided the evidence to suggest that it may be the genetic potential of
individual varieties for phenolics biosynthesis, as shown in Nobel, high anthocyanin
content examined in this study was the one of the factors for the high total phenol value
(Kallithraka, Mohdaly, Makris, & Kefalas, 2005). For all Muscadine samples, i.e., seed,
noble skin, noble, and carols, the sum of the TPC values for four sub-fractions was close
to the correspondent on the whole extract analysis.

Total Flavonoid Content
The total flavonoid contents were measured and are listed in Table 2.1 as well.
The Noble skin extract (P≤0.05) had significantly higher total flavonoid content than the
other samples (60.87±2.04 mg QE/100g FW). Compared to the skin of both Noble and
Carols, the seed (26.01±0.66 mg QE/100g FW) showed a lower amount of total flavonoid
content, although it contained the highest total phenol. Total flavonoid content was
smaller for all samples compared with the high level of TPC. The similar phenomenon
was also reported by Lin and Tang (2007), when they compared the TPC and TFC in
selected fruits and vegetables. It may be resulted from the fact that most of phenolic
compounds in the muscadine were phenolics rather than flavonoids, while TFC is
expressed as the result equivalent to the quercetin, which belongs to the group of
flavones, and could result in a loss of the sensitivity for other kinds of flavonoids.
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In the different solvent extract fractions (Figure 2.3), the EtOAc extracted the most
flavonoid for all Muscadine samples, i.e. seed, noble skin, noble, and carols. As shown in
Figure 2.2, the Noble skin EtOAC fraction contained the significantly highest total
flavonoid (34.17±1.73 mg QE/100g FW) (P≤0.05), which coincided with the results for
Noble skin whole extract. The total flavonoid content in the seed EtOAc fraction was
11.45±0.73 mg QE/100g FW, which was significantly higher than other three solvent
extracts (P≤0.05). The Noble and Carols muscadine sub-fractions did not show an
obvious difference between each other on the amount of total flavonoid.

Total Anthocyanin Content
Anthocyanins as the group of interested chemicals in this study were measured as
the total content in each sample. As indicated in Table 2.1, Noble muscadine as the
primary cultivar used in red wine, contained much high anthocyanins, while the Carols
muscadine had a little bit, which were 111.94±2.02 and 1.77±0.18 mg/100g FW,
respectively. Kallithraka with his co-workers (2005) analyzed the individual and total
anthocyanin for 17 cultivars of red grape, presenting the average of total anthocyanins
amount in them was 73.17 mg/100g FW, which was less than the amount of Noble
observed in this study. Most of anthocyanins in the Noble were found in the skin part, as
high as 416.87±5.68 mg/100g skin FW.
Similar with the observation for Muscadine whole extracts, there were a varied
range of total anthocyanin contents observed in the sub-fractions for different solvent
extractions, which are profiled in Figure 2.4. The value varied from 0 to 227.06 mg total
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anthocyanin per 100g FW. Anthocyanins are a kind of water-soluble natural pigment.
They are more polar than other phenolic compounds. Therefore, BuOH was able to
extract most of the anthocyanins, while EtOAc was good at dissolving other main
phenolic compounds except anthocyanins in the muscadine. In a good coincidence with
the whole extracts, the Noble BuOH extract contained the most of anthocyanins in Noble
muscadine extract, which was 63.26±0.85 mg/100g FW, and appeared around a quarter
of total anthocyanin content in Noble skin BuOH extract (227.06±1.29 mg/100g skin
FW). However, both BuOH sub-fractions of Noble skin and Noble whole fruit extracts
contained much lower anthocyanin contents than that of the whole extract, which might
be due to the degradation of anthocyanins in the fractionation. Anthocyanins are regarded
as important antioxidant as the nature pigment (You, Wang, Chen, Huang, Wang, & Luo,
2011). However, in humans, the bioavailability of dietary anthocyanins is low (Wu, Cao,
& Prior, 2002).

Total Procyanidin Content
Procyanidin reported as a high antioxidant was majorly contained in grape seed
(Spranger, Sun, Mateus, Freitas, & Ricardo-da-Silva, 2008), which was measured in the
result of total procyanidin content of muscadines (Table 2.1). The seed extract was
significantly rich in the procyanidin in 129.83±1.96 mg catechin equivalence (CE)/100g
FW of seed (P≤0.05). Few procyanidins were found in skin, which were 15.94±1.16 and
24.98±0.49 mg CE/100g FW for Noble and Carols skins, respectively.
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Figure 2.5 illustrates the procyanidin contents in the muscadine sample fractions
extracted by different organic solvents. In comparison of different cultivars of muscadine,
the procyanidin concentration in Carols was significantly higher than that of Noble
(P≤0.05), and a majority of them were found in the EtOAc fractions for both, which were
54.69±0.53 and 45.86±0.42 mg CE/100g FW for the Carols and Noble EtOAC extract,
respectively. A similar result existed in the muscadine sample whole extracts. The seed
EtOAc fraction had the significantly highest procyanidin content (55.30±0.63 mg

CE/100g FW) (P≤0.05), even though BuOH fraction contained some as well, which were
28.71±0.66 mg CE/100g FW. During the sequential extraction by solvents, 500 mL of
EtOAc might not be enough to extract all procyanidins in the seed. Some residues might

be dissolved in the next solvent, which was BuOH.
Generally speaking, the sequential liquid-liquid extraction using different solvents
successfully separated phenolics and anthocyanins to different sub-fractions depending
on their polarity. On basis of the results from TPC, TFC, TAC, and TPA of muscadines,
the EtOAc extracts were the phenolic-rich fractions, while the BuOH extracted most of all
anthocyanins from muscadine samples in the present study.
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Table 2.1 Results of total phenol, total flavonoid content, total anthocyanin content, and
total procyanidin on the different parts extracts of muscadine
Antioxidant assay
TPC
(mg GAE/100g FW)
TFC
(mg QE/100g FW)2
TAC
(mg/100g FW)
Proanthocyanidins
(mg CE/100g FW)3

1

Seed

Noble skin

Carols skin

Noble

Carols

591.42±2.04a 513.61±5.67b 447.35±3.70c 396.04±4.90d 332.94±3.91e
26.01±0.66a

60.87±2.04b 45.43±1.15c

18.73±0.97d

5.68±0.55a

416.87±5.68b 3.68±0.71c

111.94±2.02d 1.77±0.18e

129.83±1.96a 15.94±1.62b 24.98±0.49c

80.53±0.69d

15.62±0.69e

88.74±0.67e

The data expressed as Mean±S.D. Different letters in each row denote statistical difference in extract parts
at P≤0.05.
1

: Expressed in mg Gallic Acid Equivalence (GAE) per 100g fresh weight (FW)

2

: Expressed in mg Quercetin Equivalence (QE) per 100g fresh weight (FW)

3

: Expressed in mg Catechin Equivalence (CE) per 100g fresh weight (FW)
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Figure 2.2 Results of total phenol (TPC) on different solvent extract fractions of
muscadine samples. The results expressed in mg Gallic Acid Equivalence (GAE) per
100g fresh weight (FW). Different letters on the top of each column denote statistical
difference in sub-fractions of muscadine portion extracts at P≤0.05
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Figure 2.3 Results of total flavonoid content (TFC) on different solvent extract fractions
of muscadine samples. The results Expressed in mg Quercetin Equivalence (QE) per
100g fresh weight (FW). Different letters on the top of each column denote statistical
difference in sub-fractions of muscadine portion extracts at P≤0.05
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Figure 2.4 Results of total anthocyanin content (TAC) on different solvent extract
fractions of muscadine samples. Different letters on the top of each column denote
statistical difference in sub-fractions of muscadine portion extracts at P≤0.05
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Figure 2.5 Results of total procyanidin content (TPA) on different solvent extract
fractions of muscadine samples. The results Expressed in mg Catechin Equivalence (CE)
per 100g fresh weight (FW). Different letters on the top of each column denote statistical
difference in sub-fractions of muscadine portion extracts at P≤0.05
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Antioxidant Activity Evaluation
Oxygen Radical Absorbance Capacity Evaluation
The oxygen radical absorbance capacity (ORAC), which was adopted to evaluate
the free radical scavenging activity of the muscadine extracts, is more efficient and
accurate than traditional free radical based antioxidant assays, such as DPPH and ABTS.
Table 2.2 lists the ORAC value of Noble skin, which was as high as 201.90±5.11 µmole
Trolox Equivalence (TE) per fresh weight (FW), which was significantly higher than that
in the seed extract and Carols skin extract (P≤0.05). It might be attributed to the Noble
skin extract contained the highest anthocyanin and flavonoids. However, the Noble and
Carols muscadine were observed with similar ORAC values, 96.65±2.54 and
111.15±3.09 µmole TE/g FW, respectively. In comparison with other published data, the
antioxidant activities of both muscadine cultivars obtained from this study were
extremely higher than other selected common fruits and vegetables, such as strawberries
and broccolis (Kaur & Kapoor, 2001; Wang, Cao, & Prior, 1996; Song, Derito, Liu, He,
Dong, & Liu, 2010), even higher than that of blueberries known as the high antioxidant
activity source (You, Wang, Chen, Huang, Wang, & Luo, 2011). All muscadine extracts
had with higher ORAC values than their ABTS values, which supported that ORAC is
more sensitive and accurate than other assays for free radical scavenging.
The ORAC values for all muscadine solvent extracts are shown in Figure 2.6. In
the seed extract, the EtOAC fraction showed the significantly stronger antioxidant
activity (101.43±1.18 µmole TE/g FW) than the BuOH fraction, which was 72.63±1.22
µmole TE/g FW (P≤0.05). However, the BuOH fraction in the Noble skin extract had the
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significantly highest ORAC value, which was equal to 153.38±1.25 µmole TE/g FW
(P≤0.05). In the sub-fractions for different cultivars of muscadines, the EtOAC extract
performed the similar antioxidant capacity to the BuOH extract in the Noble muscadine,
while the EtOAc extract had significantly a higher ORAC value than the BuOH fraction
in the Carols muscadine. According to results from TFC, TAC, and Procyanidin content,
the high antioxidant activities of the BuOH fractions in the Noble and Noble skin extracts
might be contributed from their high anthocyanin content.

ABTS Scavenging Ability Evaluation
The reducing activities of ABTS radicals by different parts of muscadines are
presented in Table 2.2. In general, as another assay to evaluate the free radical
scavenging capacity, the ABTS values for all extracts showed the same relative tendency
as the ORAC values. With the Trolox equivalence, the ABTS values of the seed extract,
the Noble skin extract and the Carols skin extract were as high as 79.66±1.40,
87.73±1.39, and 61.77±1.66 µmole TE/g FW, respectively, which were significantly
different between each other at P 0.05. However, there is no significant difference
between the Noble whole extract and Carols extract based on the statistical analysis.
Coincidently, the smallest IC50 value was observed (Table 2.2) for the Noble skin extract,
which means only 7.44±0.12 mg FW of Noble skin in per mL could reduce 50% ABTS
radicals in vitro, followed by the seed extract (8.19±0.14 mg/mL) and the Carols skin
extract (10.44±0.28 mg/mL), which were all significantly different (P≤0.05).
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The sub-fraction analysis by different solvents is illustrated in Figure 2.7. The
similar phenomenon in the ORAC assay appeared in the ABTS assay, except that the
latter had a more narrow range (0.73-52.06 µmole TE/g FW) than the former, which
suggested that the ABTS assay was not as accurate as the ORAC assay. For the Noble
skin extracts, its BuOH fraction had the significantly highest free radical scavenging
ability (P≤0.05), which might be from its high anthocyanin concentration. The IC50
values of all sub-fractions were calculated and listed in the Table 2.3. The free radical
scavenging ability of samples is an important index for reflecting one aspect of their
antioxidant properties. Other antioxidant assays, e.g., FRAP and oil peroxidation
inhibition, could also provide antioxidant information of the muscadine and its fractions.

Ferric Reducing Antioxidant Power Evaluation
FRAP is the method based on an increase of the absorbance at 593 nm due to the
formation of ferric complexes in the presence of a reductive agent to evaluate the ability
on stabilizing radical intermediates, thus preventing oxidation (Benzie, & Strain, 1996). It
is one of the most rapid tests. Samples can be analyzed within a short time, but required
non-physiological pH values in the test (Pantelidis, Vasilakakis, Manganaris, &
Diamantidis, 2007). Since the FRAP values are used to evaluate the antioxidant capacity
which equivalent to ferric reducing ability in samples, the results of FRAP for all whole
extracts expressed as Fe2SO4 produced Equivalence (FE) (Table 2.2). With regard of the
FRAP values of all muscadine sample whole extracts shown in Table 1, the Noble skin
extract had the highest FRAP value (110.62±2.72 µmole FE/g FW) (P≤0.05), followed
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by skin of Carols and seed extract with 87.02±2.40 and 86.01±2.35 µmole FE/g FW
respectively, which were not significantly different. The Noble muscadine extract
performed the significantly stronger ferric reducing activity than that of Carols
muscadine. The range of the FRAP values of the muscadine extracts was from 51.89 to
110.62 µmole FE/g FW, which was similar to the ABTS value (43.36 to 87.73 µmole
TE/g FW), but far less than the results of ORAC assay.
The results expressed as Fe2SO4 produced Equivalence in different solvent
extracts are graphed in Figure 2.8. The EtOAc was able to extract most of compounds in
contribution of ferric reducing antioxidant activity in Seed, Noble fruit, and Carols fruit
extracts. The BuOH fraction of Noble skin had 54.84±0.81 µmole FE/g FW of the FRAP
value, and significantly higher than the FRAP value of EtOAc extract (32.55±0.40 µmole
FE/g FW) (P≤0.05). Meanwhile, the EtOAc fraction appeared to have a significantly
higher FRAP value than the BuOH fraction in the Noble fruit extract. It might suggest
that the anthocyanins mainly extracted by BuOH had less contribution to the ferric
reducing equivalent antioxidant power than the phenolics in the EtOAC fraction.

Anti-Oil Peroxidation Analysis
Some chronic diseases are related to the lipid peroxidation by oxidative radicals.
Since linoleic acid is the most abundant polyunsaturated fatty acids in mammals, its lipid
peroxidation products dominate (Spiteller, 1998). The inhibitory activity of phenolic
compound on linoleic acid peroxidation was measured by β-carotene–linoleic acid assay,
and the results are shown in Table 2.2. According to the results, the muscadine extracts
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did not perform much strong inhibitory activity on the oil peroxidation. The antioxidant
activities were in the range of 0.88 - 4.07 µmole Trolox per g FW. The fact could be
explained by fact that most of the antioxidants extracted from muscadine were
hydrophilic compounds. Seed extract was found to have the highest oil peroxidation
inhibitory activity, because seed is the part of plant that contained the most part of oil in
fruit, as well as high amount of hydrophobic active compounds inside (Maier, Schieber,
Kammerer, & Carle, 2009). Therefore, 220.57±7.94 mg/ml of seed phenolic extract was
able to provide 50% inhibitory activity on oil peroxidation, which was significantly lower
than other extracts (P≤0.05).
Other results for sub-fractions are presented in Figure 2.9. All four fractions by
different solvent extraction from the seed were observed with significantly more efficient
oil peroxidation inhibition than the corresponding ones in other muscadine sample
extracts, i.e., Noble skin, Noble fruit, and Carols fruit. The EtOAc and BuOH fractions
contained the most of the active compounds, supporting the report that some flavonoids
and anthocyanins possessed high quenching effect against [LOO] induced by linoleic
acid peroxidation (Wada, et al., 2007). However, since low oil peroxidation inhibition
activities were shown in all extracts, the IC50 values were in the range of 679.29-1335.89
mg/ml, which are shown in Table 2.3.
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Table 2.2 Results of antioxidant capacities that are represented by the ORAC, ABTS,
FRAP values, and oil peroxidation inhibitory activity for the different parts of muscadine.
Antioxidant assay
ORAC
(µmole TE/g FW1)
ABTS
µmole TE/g FW1
ABTS
IC50 (mg/mL)
FRAP
µmole FE/g FW2
Anti-Oil peroxidation
µmole TE/g FW
Anti-Oil peroxidation
IC50 (mg/mL)

Seed

Noble skin

Carols skin

Noble

Carols

186.66±3.59a

201.90±5.11b

119.50±3.07c

96.65±2.54d

111.15±3.09e

79.66±1.40a

87.73±1.39b

61.77±1.66c

44.71±0.44d

43.36±1.69d

8.19±0.14a

7.44±0.12b

10.44±0.28c

14.92±0.15d

15.35±0.62d

86.01±2.35a

110.62±2.72b

87.02±2.40a

59.85±2.98c

51.89±1.37d

4.07±0.15a

2.41±0.04b

0.88±0.06c

1.58±0.05d

1.22±0.02e

220.57±7.94a

371.33±6.84b 1019.72±67.91c 567.48±17.73d 733.86±11.22e

The data expressed as Mean±S.D. Different letters in each row denote statistical difference in extract parts
at P≤0.05.
1
: Expressed in µmole Trolox Equivalence (TE) per fresh weight (FW)
2
: Expressed in µmole Fe2SO4 Equivalence (FE) per fresh weight (FW)
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Table 2.3 IC50 values for ABTS and Oil peroxidation inhibition assays for different
solvent extract fractions.
ABTS

Anti-Oil Peroxidation

IC50 (mg/mL)

IC50 (mg/mL)

Seed (CHCl3)

135.12±4.34a

2212.35±160.87a

Seed (EtOAc)

16.59±0.36b

679.29±49.50a

Seed (BuOH)

33.66±1.01cg

961.52±49.78a

Seed (Water)

124.71±3.46a

1720.99±162.31a

Noble Skin (CHCl3)

893.20±31.62d

5703.05±1733.96a

Noble Skin (EtOAc)

21.81±0.43bc

1042.72±22.26a

Noble Skin (BuOH)

12.53±0.18b

1335.89±145.23a

Noble Skin (Water)

155.95±3.57e

26201.05±12335.48b

Noble (CHCl3)

649.61±27.11f

31800.84±17767.96b

Noble (EtOAc)

26.04±0.67bc

1238.37±35.32a

Noble (BuOH)

47.22±1.96g

1632.81±167.65a

Noble (Water)

524.39±23.75h

19767.29±14028.70b

Carols (CHCl3)

568.12±19.35i

4926.98±477.13a

Carols (EtOAc)

23.10±0.29bc

1323.35±82.99a

Carols (BuOH)

72.13±1.84j

2032.17±63.88a

Carols (Water)

205.02±6.07k

78399.55±37303.29c

Samples

The data expressed as Means±S.D. Different letters in each column denote statistical difference in subfractions of muscadine different portion extracts at P≤0.05.
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Figure 2.6 Results of ORAC values on different solvent extract fractions of muscadine
samples. Different letters on the top of each column denote statistical difference in subfractions of muscadine portion extracts at P≤0.05
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Figure 2.7 Results of ABTS values on different solvent extract fractions of muscadine
samples. Different letters on the top of each column denote statistical difference in subfractions of muscadine portion extracts at P≤0.05
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Figure 2.8 Results of FRAP values on different solvent extract fractions of muscadine
samples. Different letters on the top of each column denote statistical difference in subfractions of muscadine portion extracts at P≤0.05
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Figure 2.9 Results of Oil peroxidation inhibitory activity on different solvent extract
fractions of muscadine samples. Different letters on the top of each column denote
statistical difference in sub-fractions of muscadine portion extracts at P≤0.05
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Correlation of the Antioxidant Capacities in Muscadines
In this present study, the linearity between phenolic compound concentration in
muscadine extracts and their free radical scavenging, ferric reducing, and oil peroxidation
inhibitory capacities was assessed. As plotting in Figure 2.10, the strong linear
relationship between the responses of ORAC, ABTS, FRAP values, and anti-oil
peroxidation activity (y-axis) versus the TPC (x-axis) for all extracts were profiled with
R2=0.9236 (y =0.3078x + 9.1549), R2=0.9525 (y =0.1432x – 0.9961), R2=0.9428 (y
=0.1725x – 0.1439), and R2=0.7553 (y =0.0045x – 0.0196) respectively. Meanwhile, the
responses of different antioxidant methods (y-axis) versus the predictor TAC of the
anthocyanin-rich muscadine extracts, that were the whole extracts, BuOH and water
fractions of the Noble and Noble skin, also gave high correlation coefficients (R2=0.9636,
R2=0.9433, R2=0.9148 and R2=0.7281 for the ORAC, ABTS, FRAP and Anti-oil
peroxidation activities, respectively) (Figure 2.11). It was also found there was a strong
correlation between the antioxidant activities and the total procyanidin content of selected
muscadine extracts, which is shown in Figure 2.12. The relationships were y = 1.2466x +
15.179 (R2=0.9229) for TPA versus ORAC evaluation, y = 0.5538x + 2.1633 (R2=0.9647)
for TPA versus ABTS scavenging activity, y = 0.6312x + 4.7976 (R2=0.9624) for TPA
versus FRAP values, and y = 0.0226x + 0.0636 (R2=0.8025) for TPA versus anti-oil
peroxidation. Therefore, the presence of total phenolic compounds in the muscadines
extracts, particularly procyanidins and anthocyanin, contributes significantly to their
antioxidant potential. This result is in agreement with previous reports that ferric
reducing potential can be related to phenolic content (Dudonne, Vitrac, Coutiere,
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Woillez, & Merillon, 2009; Katalinic, Milos, Kulisic, & Jukic, 2006). Positive
correlations between the ORAC and total phenolic or anthocyanin contents have also
been reported previously for various berries (Wang & Stoner, 2008). In fact, antioxidant
properties of phenolic compounds are directly linked to their structures. Indeed, phenolics
are composed of one (or more) aromatic ring bearing one (or more) hydroxyl group and
are therefore potentially able to quench free radicals by forming resonance-stabilized
phenoxyl radicals (Bors & Michel, 2002).
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Figure 2.10 The correlation between antioxidant capacities (ORAC, ABTS, FRAP values
and Anti-Oil peroxidaion) and TPC in all muscadine samples. R2=0.9236, R2=0.9525,
R2=0.9428, and R2=0.7553 for ORAC, ABTS, FRAP values and Anti-Oil peroxidaion
activity, respectively.
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Figure 2.11 The correlation between antioxidant capacities (ORAC, ABTS, FRAP values
and Anti-Oil peroxidaion) and TAC in selected muscadine samples. R2=0.9636,
R2=0.9433, R2=0.9148, and R2=0.7281 for ORAC, ABTS, FRAP values and Anti-Oil
peroxidation activity, respectively.
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Figure 2.12 The correlation between antioxidant capacities (ORAC, ABTS, FRAP values
and Anti-Oil peroxidaion) and TPA in selected muscadine samples. R2=0.9229,
R2=0.9647, R2=0.9624, and R2=0.8025 for ORAC, ABTS, FRAP values and Anti-Oil
peroxidation activity, respectively.

78

Conclusions
On basis of the results reported herein, Noble and Carols muscadine samples
contained high TPC, ORAC, ABTS radical scavenging activities, FRAP values, and oil
peroxidation inhibitive capacity, while the Noble skin and fruit possessed higher TA
contents and seed had higher amount of procyanidins, compared with other common
fruits and vegetables. The further liquid-liquid organic solvent extraction was
successfully applied to separate the phenolics and anthocyanins into different fractions.
There was strong linear relationship between the TPC, TAC and TPA versus their free
radical scavenging, ferric reducing capacities, and oil peroxidation inhibitory activity,
which suggested that phenolic compounds, particularly anthocyanins and procyanidins, in
muscadine extracts, contributed significantly to their antioxidant potential.
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CHAPTER THREE
PHENOLIC COMPOUNDS AND ANTHOCYANIN CHEMICAL PROFILES
IN MUSCADINES ANALYZED BY HPLC-MS AND ELSD
Introduction
Reversed-phase high performance liquid chromatography (RP-HPLC) is now
commonly used for the separation of complex mixtures of phenolic compounds and other
natural products in plant extracts. Traditional HPLC is most frequently coupled with
simple ultraviolet (UV) or photodiode array (DAD) detector for simultaneous quantitative
and qualitative analyses of natural products. In the last two decades, HPLC coupled with
electrospray ionization (ESI) mass spectrometer (MS), especially the tandem mass
spectrometer, which can provide mass spectrum of intact molecular ion and fragment
ions, has been used for chemical identification. The peaks can be identified categorically
by matching their mass spectrum and retention time with reference compounds.
Obviously, HPLC-MS has more advantages for the simultaneous chemical separation and
identification due to its analytical capacity of being able to provide chemical fingerprints
and and improved resolution (Tian, Nakamura, Cui, & Kayahara, 2005; Volpi &
Bergonzini, 2006; Charrouf , Hilali, Jauregui, Soufiaoui, & Guillaume, 2007).
However, because of the extremely different analyzed conditions between
phenolics and anthocyanins, very few suitable methods have been reported for the
simultaneous screening of phenolics and anthocyanins. In HPLC-MS analysis, phenolics
and anthocyanins are usually analyzed separately with different analytical conditions.
Recently, an evaporative light scattering detection (ELSD) method has been used for the
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determination of multi-components (Qi, et al., 2006; Chai, Li, & Li, 2005; Muller,
Ganzera, & Stuppner, 2006; Yadav, Moreau, & Hicks, 2007). The ELSD works with
three steps as follow. Firstly, nebulization of the column effluent with an assistance of
nebulizing nitrogen gas flow. Secondly, evaporation of solvent and modifiers as well as
volatile analyte compounds in a heated evaporation tube leaving the lower volatile
compounds as aerosols. The evaporation tube acts like a thermo denuder frequently used
in atmospheric sciences. And, at the last, light scattered by the aerosol particles at the end
of the thermo denuder (evaporation tube) is detected by a photomultiplier. It has been
shown in the literature that a universal calibration is valid for a wide range of analytes,
being largely independent of chemical properties of the analytes (Emmenegger,
Reinhardt, Hueglin, Zenobi, & Kalberer, 2007). However, few studies successfully
reported that ELSD was employed for identification and quantitative analysis of phenolic
compounds and their conjugates.
Therefore, the aims of this research mentioned in this chapter were to (1) identify
and quantify the bioactive phytochemicals in the muscadine grapes by HPLC-UV-MS,
and (2) improve the established HPLC-ELSD method for simultaneous screening of
phenolic acids, flavonoids and anthocyanins.

Materials and Methods
Chemical and Reagents
The chemical standards, including gallic acid, protocatechuic acid, (+)-catechin,
(-)-epicatechin,

(-)-epicatechingallate,

ellagic

86

acid,

myricetin,

trans-resveratrol,

kaempferol and quercetin, were obtained from Sigma-Aldrich (St. Louis, MO). Standards
of anthocyanins, i.e. delphinidin 3-O-glucoside-5-O-glucoside, cyanidin 3-O-glucoside-5O-glucoside, peonidin 3-O-glucoside-5-O-glucoside, petunidin 3-O-glucoside-5-Oglucoside, and malvidin 3-O-glucoside-5-O-glucoside, were purchased from Chromadex
(Irvine, CA). Hydrochloric acid (HCl), sulfuric acid (H2SO4), acetic acid, formic acid,
HPLC grade methanol, and acetonitrile were purchased from Fisher Chemicals (Fair
Lawn, NJ). Trifluoroacetic acid (TFA) was from Sigma-Aldrich (St. Louis, MO) as well.

Solid Phase Extraction (SPE) for Purification
A solid phase extraction (SPE) with a Sep-Pak® C18 cartridge was used to purify
the phenolics and anthocyanins (You, Wang, Chen, Huang, Wang, & Luo, 2011).
Supernatant in volume of 5 mL was added into a rotary evaporator to remove the solvent
under vacuum at 40 ºC. The residual was resuspended in acidified water containing 0.1
mL/L HCl and loaded to a solid phase extraction (SPE) Sep-Pak® C18 cartridge. Phenolic
compounds and anthocyanins in the muscadine samples were eluted with 10 mL
methanol, and analyzed by the Agilent Technologies 1200 series HPLC-UV-MS system
(Agilent Technologies Inc., St. Clara, CA) and HPLC-ELSD (Shimadzu, Columbia, MD)
with an Agilent SB-C18 column (3.5 μm, 150 mm×3.0 mm). Phenolics and anthocyanins
were analyzed separately by the HPLC-MS due to their extremely different requirements
for the detective conditions.
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HPLC-UV-MS Analysis
Phenolic compounds were eluded by the mobile phase composed of 0.05% (v/v)
aqueous acetic acid (phase A) and 0.05% acetic acid in 80% (v/v) acetonitrile-methanol
(phase B) at a flow rate of 0.8 mL/min. The linear gradient of phase B was 5% for the
first 5 min, increased from 5 to 40% from 5 to 60 min, and followed by increase from 40
to 50% from 60 to 70 min, maintained at 50% from 70 to 78 min, and decreased from
50% to 5% from 78 to 80 min. Finally, isocratic elution with 5% phase B was maintained
for another 5 min until the 85 min. The detector wavelength was set at 280 nm. The mass
spectra were acquired in negative ion mode for phenolics analysis. For anthocyanins, the
linear gradient program, for which the mobile phase formed by 5% (v/v) formic acid
water solution (phase A) and methanol (phase B) was maintained at a flow rate of 0.8
mL/min, was started from 5% phase B for the first 5 min, increased from 5 to 40% from 5
to 50 min, maintained at 40% from 50 to 58 min and decreased from 40 to 5% from 58 to
60 min. Finally, isocratic elution with 5% phase B was maintained for another 5 min until
the 65 min. The wavelength of the UV–Visible detector was set at 520 nm. Mass spectra
were acquired in a positive ion mode for anthocyanins. Other MS conditions for both
were set as follows. Ions were scanned from 100 to 800 m/z with a scan speed of 1,000
amu/s. Nitrogen was used as the nebulizing gas in a flow rate of 1.5 L/min. The drying
gas pressure was 0.1 MPa (Huang, Wang, Eaves, Shikany & Pace, 2007).

HPLC-ELSD Analysis
The Shimadzu HPLC-ELSD system adopted an ELSD-LT II detector (Shimadzu,

88

Kyoto, Japan) coupled with an Agilent SB-C18 column (3.5 μm, 150 mm×3.0 mm). The
linear gradient elution program, with 0.5% (v/v) aqueous TFA (phase A) and 80% (v/v)
acetonitrile in methanol (phase B) at a flow rate 0.8 mL/min, was started from 5% phase
B for the first 10 min, increased from 5 to 30% from 10 to 60 min and from 30 to 40%
from 60 to 70 min, maintained at 40% from 70 to 78 min and decreased from 40 to 5%
from 78 to 80 min. Finally, an isocratic elution with 5% phase B was maintained for 85
min. The gain for ELSD was set as 8, as well as the temperature at 50 ºC. Nitrogen was
used as the nebulizing gas, of which the pressure was 350 KPa (Shimadzu, 2011).

Calibration curves for HPLC with ELSD and UV
Standard stock solutions, which contained 10 standards, were prepared and
diluted to a series of appropriate concentrations for the construction of calibration curves
(injected concentration range: 20-600 µg/mL). The concentration of standards is linearly
related to the peak area in UV detector, while the response of an ELSD follows an
exponential relationship. Thus the calibration curves of phenolics and anthocyanins were
constructed by plotting peak area versus the concentration of each standard for the UV
detector and the logarithm of peak area versus the logarithm of concentration for the
ELSD detector that provide a linear response. The lowest concentration of working
solution was diluted with methanol to yield a series of appropriate concentrations, and the
limit of detection (LOD) and the limit of quantification (LOQ) of the ELSD detector
under the chromatographic conditions were respectively determined at signal-to-noise
(S/N) of 3 and 10 (Chen, et al., 2007; Devkota, et al., 2010).
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Statistical Analysis
Data analysis was performed using SAS software (SAS 9.2) with PROC MIXED.
All samples were analyzed as completely randomized designs, and values were expressed
as mean±S.D. The differences of means were analyzed with the Fisher‟s least significant
difference (LSD) procedure (SAS Institute Inc. 2008). Differences were considered
significant at P≤0.05.

HPLC-UV-MS Analysis
Identification of Individual Phenolic Compounds
Phenolic compounds in muscadine grapes were determined with the aid of HPLCUV-MS under negative mode. The HPLC chromatograms corresponding to of all whole
extract samples, i.e. seed, noble skin, and carols skin portions, and Noble, Carols whole
fruits, for identifying phenolics at 280 nm are shown in Figure 5.1-5.5. Previous studies
(Lee, Johnson, & Talcott, 2005; Wang, Tong, Chen, & Gangemi, 2010; Pastrana-Bonilla,
Akoh, Sellappan, & Krewer, 2003; Yi, Fischer, & Akoh, 2005) have identified some
individual phenolic acids, flavonoids and anthocyanins in muscadine grapes by HPLCUV. The phytochemicals included gallic acid, catechin, epicatechin, ellagic acid,
myricetin, quercetin, kaempferol, resveratrol, and anthocyanins. According to the
comparison of the elution order with our chemical standards, the detected molecular
weight by MS with negative model, and the published data mentioned above, 19
individual phenolic compounds, excluding anthocyanins, in muscadines were identified
in the present study, which are listed in Table 3.1. Based on the identification of
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individual phenolic and the chromatograms from the HPLC-UV-MS analysis, the
compositional difference of phenolics between seed and skin portions in muscadine
samples was observed, while there was no obvious difference between two varieties of
muscadine, i.e. Noble and Carols, either for whole fruit or skin extract. As shown in Table
3.1, seed was lack of rhamnoside and had less glucoside forms of phenolic conjugates.
There were no methyl gallic acid, ρ-coumaric acid, and epicatechingallate in both the
Noble and Carols skin extracts. Sub-fractions of the muscadine grape seed, Noble skin,
Noble and Carols fruit were undergone HPLC-UV-MS identification as well. The HPLC
chromatograms of all EtOAc extracts are shown in Figure 3.6-3.9. The identification of
phenolic compounds for each peaks are summarized in Table 3.2. The identified phenolic
compounds are summarized in Table 3.2. All 19 individual phenolic compounds of
muscadines identified in the whole extracts were found in sub-fractions, particularly in
the EtOAc fractions.
The contents of each selected phenolic compounds quantified from standards are
listed in Table 3.3. The seed mix had large amounts of proanthocyanidins, catechin and
epicatechin (47.85±2.15 and 74.83±3.42 mg/100g fresh seed weight, respectively), while
the contents of gallic acid and ellagic acid were significantly higher than other selected
analytes for both Noble and Carols skin extracts. High contents of epicatechin were found
in Noble fruit and Carols fruit extracts, which were 72.55±2.85 and 84.26±2.55 mg/100g
FW, respectively, while the Carols fruit had obviously higher amount of epicatechin than
that in Noble fruit, which coincides with the results from the TPA evaluation (data are
shown in Chapter 2). There were high concentrations of gallic acid and ellagic acid in
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both Noble and Carols muscadine as well. Similar results were obtained from the HPLCUV-MS analysis, which is in agreement with the result reported by Lee with his coworkers (2005) that the ellagic acid and its conjugates were one of the main groups of
phenolic compounds in Muscadine grapes. After fractionating by different solvent
extraction, most parts of epicatechin and ellagic acid were recovered in the seed EtOAc
fraction. Their contents in this extraction, which were 27.48±1.30 and 27.72±1.74
mg/100g seed FW, respectively, were significantly higher than other phenolics,
Generally, the procyanidins (catechin and epicatechin) and ellagic acid had the highest
response among the phenolic compounds of muscadine grape. But, the amount of
procyanidins in the muscadine seed was smaller than in seed of common grape varieties
(Guendez, Kallithraka, Makris, & Kefalas 2005; Munoz, Mestres, Busto, & Guasch,
2008). Furthermore, less myricetin and quercetin and its conjugates were found in the
muscadine grapes, which were reported as the one of major phenolics in common fruits,
particularly in grapes, in previous studies (Chen, Zuo, & Deng, 2001; Ruberto, et al.,
2007; Borbalan, Zorro, Guillen, & Barroso, 2003; Cho, Howard, Prior, & Clark, 2004;
Gomez-Alonso, Garcia-Romero, & Hermosin-Gutierrez, 2007; Amico, Chillemi,
Mangiafico, Spatafora, & Tringali, 2008).

Identification of Individual Anthocyanins
According to the structure of anthocyanins, HPLC-UV-MS with positive mode
was adopted for identifying the individual anthocyanins in the samples. The
chromatogram of HPLC analysis for anthocyanins in the Noble muscadine skin and
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whole fruit extracts are presented in Figures 3.10 and 3.11, respectively. Meanwhile, the
chromatogram of HPLC analysis for anthocyanins in the BuOH fraction of Noble skin is
shown in Figure 3.12 and that of Noble whole fruit extract is shown in Figure 3.13.
Similar to the phenolic identification, the anthocyanins were identified primarily based on
comparison of their elution order with the published data, our chemical standards,
detected MW, and the characteristic MS spectra (Huang, Wang, Williams, & Pace, 2009;
Liang, et al., 2008). In addition, a previous study suggested that two glycosides were
likely linked at the 3- and 5-positions of anthocyanidins (Wu & Prior, 2005). Therefore, 5
peaks were detected from the Noble muscadine extracts, which were delphinidin 3-Oglucoside-5-O-glucoside with m/z 627 [M+H]+ ion, cyanidin 3-O-glucoside-5-Oglucoside with m/z 611 [M+H]+ ion, petunidin 3-O-glucoside-5-O-glucoside (m/z 641),
peonidin 3-O-glucoside-5-O-glucoside (m/z 625), and malvidin 3-O-glucoside-5-Oglucoside (m/z 655), which are listed in Table 3.1. Among the six common
anthocyanidins in the nature, i.e. cyanidin, delphinidin, petunidin, pelargonidin, peonidin,
and malvidin, only pelargonidin or its glycosidic derivatives were not found in this study
The revealed anthocyanin composition in muscadine (Table 3.4) indicated a
different chemical profile from other previous reports for grapes (Ruberto, et al., 2007;
Pati, Liberatore, Gambacorta, Antonacci, & Notte, 2009), but similar to the data for
muscadine skin extract reported by Sandhu and his group (2011). Compared to the Carols
samples, anthocyanins were only detected in the Noble muscadines within the range of
11.70±0.51 to 29.25±1.05 mg/100g fresh skin weight, while most of them were contained
in the Noble skin. The TAC values for both Noble fruit and Noble skin extracts indicated
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consistent results (data are presented in Chapter 2). Most amounts of all 5 individual
anthocyanins were recovered in the BuOH extracts for both Noble skin and whole fruit.
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Table 3.1 The identification of individual phenolics and anthocyanins in Muscadine
whole extracts from HPLC-MS analysis
Peak
Phenolic compounds
No.
1 Gallic acid
2 Protocatechuic acid
3 Methyl gallic acid*
4 Catechin
5 Epicatechin
6 ρ-coumaric acid
7 Ellagic acid-glucoside*
8 Myricetin-glucoside*
9 Ellagitannine*
10 Ellagic acid-xyloside*
11 Epicatechingallate
Ellagic acid-rhamnoside*
12
Quercetin-glucoside*
13 Ellagic acid
14 Quercetin-rhamnoside*
15 Myricetin
16 Resveratrol
17 Quercetin
18 Luteolin*
19 Kaempferol

Anthocyanins
20
21
22
23
24

Delphinidin-3,5-diglucoside
Cyanidin-3,5-diglucoside
Petunidin-3,5-diglucoside
Peonidin-3,5-diglucoside
Malvidin-3,5-diglucoside

tR (min)

[M-H]-

2.32
4.97
10.84
16.12
19.72
20.79
22.87
25.73
26
27.51
28.15
28.31
28.37
28.75
33.18
34.76
36.01
41.38
42.79
49.43

169
153
183
289
289
163
463
479
813, 831
433
441
447
463
301
447
317
227
301
285
285

tR (min)

[M+H]+

17.98
21.15
23.85
26.76
28.51

627
611
641
625
655

*

: Tentatively identified
+: detected
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Seed
mix
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
Seed
mix

Noble Carols Noble Carols
skin
skin
fruit fruit
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+

+

+

Noble Carols Noble Carols
skin
skin
fruit fruit
+
+
+
+
+
+
+
+
+
+
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Gallic acid
Protocatechuic acid
Methyl gallic acid*
Catechin
Epicatechin
ρ-coumaric acid
Ellagic acid-glucoside*
Myricetin-glucoside*
Ellagitannine*
Ellagic acid-xyloside*
Epicatechingallate
Ellagic acid-rhamnoside*
Quercetin-glucoside*
Ellagic acid
Quercetin-rhamnoside*
Myricetin
Resveratrol
Quercetin
Luteolin*
Kaempferol

Phenolic compounds

+
+
+
+
+
+

+
+

+
+
+

+
+
+
+
+
+

+

+

+

+

+
+
+

+
+
+
+
+

+

+
+

+
+

+
+

+

+
+

+

+
+

+

+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+

+

+
+

+
+

+

+

+
+

+

+

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+

+
+
+

+

+
+

+
+

+
+

+

Seed Seed Seed Seed NSkin NSkin NSkin NSkin Noble Noble Noble Noble Carols Carols Carols Carols
CHCl3 EtOAc BuOH Water CHCl3 EtOAc BuOH Water CHCl3 EtOAc BuOH Water CHCl3 EtOAc BuOH Water

Peak
Seed Seed Seed Seed NSkin NSkin NSkin NSkin Noble Noble Noble Noble Carols Carols Carols Carols
Anthocyanins
CHCl3 EtOAc BuOH Water CHCl3 EtOAc BuOH Water CHCl3 EtOAc BuOH Water CHCl3 EtOAc BuOH Water
No.
1 Delphinidin-3,5-diglucoside
+
+
+
+
2 Cyanidin-3,5-diglucoside
+
+
+
3 Petunidin-3,5-diglucoside
+
+
+
+
4 Peonidin-3,5-diglucoside
+
+
+
5 Malvidin-3,5-diglucoside
+
+
+
*
: Tentatively identified;
+: detected

13
14
15
16
17
18
19

12

Peak
No.
1
2
3
4
5
6
7
8
9
10
11

Table 3.2 The identification of individual phenolics and anthocyanins in different solvent extracts from HPLC-MS analysis
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extracts from HPLC-MS analysis

nd
nd
nd
nd
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nd: Not detected

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

0.23±0.07a 12.87±0.59b 6.20±0.15c 5.35±0.54d
2.53±0.23a
nd
nd
3.89±0.69b
1.06±0.09a 3.56±0.35b 0.84±0.30a 1.77±0.36c
0.36±0.02a 2.10±0.14b 0.13±0.06c 0.87±0.03d

Seed
NSkin
Water
Noble
Carols

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

15.64±0.65c 27.48±1.30d 1.17±0.05e 7.58±0.55f
2.38±0.31a 4.37±0.41b
nd
nd
2.08±0.12c 30.71±1.34d 0.73±0.05e 7.11±0.69f
1.30±0.14c 45.41±1.71d
nd
8.93±0.65e

nd
nd
nd
nd

Seed
NSkin
BuOH
Noble
Carols

nd
nd
nd
nd

20.98±0.83a 5.40±0.59b
2.49±0.26a
nd
2.60±0.31a 0.29±0.04b
3.97±0.16a 0.32±0.08b

nd
nd
nd
nd

Gallic Protocatechu
ρ-coumaric Epicatechin
Catechin Epicatechin
acid
ic acid
acid
gallate
a
b
c
d
e
25.85±1.64 21.77±2.21 47.85±2.15 74.83±3.42 4.36±0.36 15.87±0.82f
18.47±0.94a
nd
1.94±0.22b 8.82±0.58c
nd
nd
a
b
c
b
36.75±1.54 20.87±1.66 4.65±0.92 22.87±1.06
nd
nd
6.35±0.48a 3.78±0.18b 8.29±1.66c 72.55±2.85d 1.31±0.06e 12.02±0.97f
11.95±0.43a 4.02±0.48b 9.32±1.01c 84.26±2.55d
nd
14.64±0.67e

Seed
NSkin
EtOAc
Noble
Carols

Seed
NSkin
CHCl3
Noble
Carols

Seed
NSkin
MeOH CSkin
Noble
Carols

Solvent Sample

nd
nd
nd
nd

0.61±0.03a
nd
nd
nd

nd
nd
nd
nd

4.04±1.05e
1.42±0.20f
1.05±0.08f
0.96±0.17h
0.95±0.08f

nd
nd
nd
nd

6.08±0.75h
0.44±0.07g
0.46±0.07g
1.47±0.17e
0.62±0.08g

nd
nd
nd
nd

1.51±0.18i
0.24±0.04h
0.15±0.03h
0.08±0.02i
0.06±0.02h

nd
nd
nd
nd
nd
nd
nd
nd

1.04±0.13e
8.22±0.77c
3.22±0.33b
0.99±0.06e
1.33±0.32a
0.78±0.17a
0.24±0.02a
0.25±0.01a

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

27.72±1.74d 18.37±1.19g 2.85±0.22h 1.86±0.32i 0.65±0.04j
31.15±1.39c 12.28±0.77d
nd
0.73±0.04e 0.10±0.02f
g
f
h
13.65±0.83 7.67±0.41 0.88±0.05 1.35±0.11i 0.07±0.02j
7.68±0.24f 6.62±0.34g 0.47±0.06h 0.13±0.08i 0.04±0.01i

26.14±1.89a
14.95±1.39e
26.91±1.25e
9.89±1.07c
9.65±1.05c

Ellagic
acid
32.10±1.79g
59.06±1.56d
61.51±1.79d
17.70±0.91g
14.63±0.78e

Myricetin Resveratrol Quercetin Kaempferol

Table 3.3 The content of selected phenolics in all of Muscadine samples from HPLC-MS analysis. The data expressed as
Mean±S.D in mg/100g FW. Different letters in each row denote statistical difference at P≤0.05
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nd
13.39±0.92b

nd
nd
18.99±0.92a

NSkin

Noble

NSkin
33.91±1.35b
0.71±0.11b
nd

45.72±1.85a
2.03±0.39a
0.66±0.09a

Noble

NSkin

Noble

nd

nd

nd

Noble

nd

nd

NSkin

nd: Not detected

Water

BuOH

EtOAc

CHCl3

0.44±0.04b

2.63±0.35a

65.76±2.51c

19.76±0.90a

nd

nd

nd

nd

nd

0.72±0.06b

31.99±1.78b

9.54±0.99c

nd

nd

nd

nd

nd

1.36±0.26c

21.99±0.95d

4.24±0.52d

nd

nd

nd

nd

Solvent Sample Delphinidin-3,5-diglucoside Cyanidin-3,5-diglucoside Petunidin-3,5-diglucoside Peonidin-3,5-diglucoside Malvidin-3,5-diglucoside
NSkin
102.21±2.80a
47.29±1.69b
92.76±2.23c
63.36±1.98d
56.02±1.64e
MeOH
Noble
29.25±1.05a
17.78±0.73b
30.81±1.32a
16.29±1.29c
22.70±0.51d

Table 3.4 The content of anthocyanins in all of Muscadine samples from HPLC-MS analysis. The data expressed as
Means±S.D in mg/100g FW. Different letters in each row denote statistical difference at P≤0.05
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Figure 3.1 HPLC chromatogram of individual phenolic compounds in the muscadine seed whole extract detected at 280 nm.
Peaks were identified and are listed in Table 3.1
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Figure 3.2 HPLC chromatogram of individual phenolic compounds in the Noble muscadine skin whole extract detected at
280 nm. Peaks were identified and are listed in Table 3.1
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Figure 3.2 HPLC chromatogram of individual phenolic compounds in the Noble
muscadine skin whole extract detected at 280 nm. Peaks were identified and are listed in
Table 3.1
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Figure 3.3 HPLC chromatogram of individual phenolic compounds in the Carols muscadine skin whole extract detected at
280 nm. Peaks were identified and are listed in Table 3.1
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Table 3.1

102

0

20

40

60

80

100

120

0

1

2

10

3

4

7

20

6

5

8

9

30
min

13

11

10

15
16

14

40

17

50

19

60

Figure 3.4 HPLC chromatogram of individual phenolic compounds in the Noble muscadine fruit whole extract detected at
280 nm. Peaks were identified and are listed in Table 3.1
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Figure 3.5 HPLC chromatogram of individual phenolic compounds in the Carols muscadine fruit whole extract detected at
280 nm. Peaks were identified and are listed in Table 3.1
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Figure 3.6 HPLC chromatogram of individual phenolic compounds in the muscadine seed EtOAc fraction detected at 280 nm.
Peaks were identified and are listed in Table 3.2
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Figure 3.6 HPLC chromatogram of individual phenolic compounds in the muscadine seed
EtOAc fraction detected at 280 nm. Peaks were identified and are listed in Table 3.2
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Figure 3.7 HPLC chromatogram of individual phenolic compounds in the Noble muscadine skin EtOAc fraction detected at
280 nm. Peaks were identified and are listed in Table 3.2
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Figure 3.8 HPLC chromatogram of individual phenolic compounds in the Noble muscadine fruit EtOAc fraction detected at
280 nm. Peaks were identified and are listed in Table 3.2
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muscadine fruit EtOAc fraction detected at 280 nm. Peaks were identified and are listed
in Table 3.2
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Figure 3.9 HPLC chromatogram of individual phenolic compounds in the Carols muscadine fruit EtOAc fraction detected
at 280 nm. Peaks were identified and are listed in Table 3.2
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Figure 3.9 HPLC chromatogram of individual phenolic compounds in the Carols
muscadine fruit EtOAc fraction detected at 280 nm. Peaks were identified and are listed
in Table 3.2
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Figure 3.10 HPLC chromatogram of individual anthocyanins in the Noble muscadine skin whole extract detected at 520 nm.
Peaks were identified and are listed in Table 3.1
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Figure 3.10 HPLC chromatogram of individual anthocyanins in the Noble muscadine
skin whole extract detected at 520 nm. Peaks were identified and are listed in Table 3.1
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Figure 3.11 HPLC chromatogram of individual anthocyanins in the Noble muscadine fruit whole extract detected at 520 nm.
Peaks were identified and are listed in Table 3.1
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Figure 3.11 HPLC chromatogram of individual anthocyanins in the Noble muscadine
fruit whole extract detected at 520 nm. Peaks were identified and are listed in Table 3.1
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Figure 3.12 HPLC chromatogram of individual anthocyanins in the Noble muscadine skin BuOH fraction detected at 520 nm.
Peaks were identified and are listed in Table 3.2

mAU

100

Figure 3.12 HPLC chromatogram of individual anthocyanins in the Noble muscadine
skin BuOH fraction detected at 520 nm. Peaks were identified and are listed in Table 3.2

111

0

10

20

30

40

0

5

10

15

20

20
min

21

22

25

23

24

30

35

40

Figure 3.13 HPLC chromatogram of individual anthocyanins in the Noble muscadine fruit BuOH fraction detected at 520 nm.
Peaks were identified and are listed in Table 3.2
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Figure 3.13 HPLC chromatogram of individual anthocyanins in the Noble muscadine
fruit BuOH fraction detected at 520 nm. Peaks were identified and are listed in Table 3.2

HPLC-ELSD Identification
Unlike the traditional absorbance detectors (UV-Vis, PDA, etc.), the ELSD is able
to detect almost any compound, while its sensitivity is not dependent on the chemicals‟
physical or structural properties, but rather the resolute quantity of the solute passing
through the detector cell. By this mechanism of detection the ELSD is truly considered as
a universal detector (Young, 2002). In recent years, ELSD is considered ideally and
suitable for analytical applications for drug discovery, natural products development,
combinatorial chemistry, and food and beverage, particularly good for the analysis of low
absorbing compounds (Ganzera, Stuppner, & Khan, 2004). For phenolics and
anthocyanins, the analytical measurements were commonly performed by HPLC with
UV-Vis and/or MS detection. Although several studies reported that HPLC-DAD
coupled with or without MS were able to detect all types of phenolic compounds (AbadGarcía, Berrueta, Garmón-Lobato, Gallo, & Vicente, 2009; Alonso-Salces, Barranco,
Abad, Berrueta, Gallo, & Vicente, 2004; Alonso-Salces, et al., 2004), those methods
showed different responses for different individual phenolics. Also, it is inconvenient for
HPLC-MS to be used with different analytical conditions (i.e., ionic modes) for analyses
of anthocyanins and other phenolics. Therefore, HPLC-ELSD was adopted in this study
in an effort to explore and develop a simultaneous detection of anthocyanins and other
phenolics with the similar responses for different compounds. Ten standards, (i.e., gallic
acid, protocatechuic acid, catechin, epicatechin, epicatechingallate, ellagic acid,
myricetin, resveratrol, quercetin, and cyanidin 3-O-glucoside-5-O-glucoside), were
selected to calibrate the ELSD detection.
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The response of an ELSD follows an exponential relationship, which means the
linear calibration curves of phenolics and anthocyanins detected by the ELSD detector
were constructed by plotting the logarithm of peak areas versus the logarithm of
concentrations for ELSD detector (Young & Dolan, 2003; Mengerink, Peters, deKoster,
van der Wal, Claessen, & Cramers, 2001). As the calibration results for ELSD
summarized in Table 3.5, calibrated compounds, including the phenolic acid, flavonoids,
and anthocyanins, were successfully assignable with the ELSD and a good linear
relationship (R2 ≥ 0.9927) was achieved over a relatively wide concentration range of 20600 µg/mL for all analytes, regardless of their different chemical and/or optical
properties, which was supported by published reports (Chen, et al., 2007; Muller,
Ganzera, & Stuppner, 2006). Compared with reports for the UV-Vis detector, for which
large differences in the slopes of the calibration curves were found due to the different
UV absorption properties of the analytes, all selected compounds for the ELSD
calibration provided reasonably similar signal responses (i.e., similar slopes of calibration
curves) that are shown in Table 3.5. This comparison between the UV and ELSD
detection confirmed the significant advantage of ELSD for estimating the content of the
compounds lack of the standards and/or the characteristic chromophores due to its
universal responses for different compounds (Kyranos, Lee, Goetzinger, & Li, 2004). In
addition, the limit of detection (LOD) was calculated by analyzing standard solutions of
decreasing concentrations (S/N= 3), as well as the limit of quantification (LOQ) was
defined as the lowest concentration that the method could quantify (S/N= 10), which
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were less than 6.72 and 13.26 µg/mL for all analytes in the ELSD analysis in the present
study, respectively.
Figure 3.14 (a) shows the log-log calibration plot for ELSD for selected phenolics
standards, which were conducted using logarithms of both the absorbance and the
concentration. As shown in Figure 3.14 (a), all selected calibration compounds result in
one single linear calibration curve regardless of their chemical or optical properties. For
comparison, Figure 3.14 (b) shows the linear calibration curves for the same selected
calibration compounds measured by the UV detector at 280 nm. The large differences in
the slope of the calibration curves are due to the different UV absorption properties of the
analytes. This comparison between UV and ELSD detection drastically shows the
significant advantage of the ELSD for the quantification of compounds with an unknown
chemical structure (Emmenegger, Reinhardt, Hueglin, Zenobi, & Kalberer, 2007). Also,
Kyranos, Lee, Goetzinger, and Li (2004) reported that ELSD is known to provide
reasonably similar response for closely related compounds or similar groups, since it is
based on light scattering from solute particles.
In this present experiment, anthocyanins and other phenolics were successfully
identified in simultaneous screens. Meanwhile, it is worthy to be mentioned that the
mobile phase and gradient condition used for the ELSD analysis were different from the
UV-MS detection, which prompted an improvement of the ELSD methodology in order
to improve the separation resolution and the signal responses for the simultaneous
determination of the phenolic compounds. The identified compounds in the muscadine
samples from HPLC-ELSD analysis are summarized in Table 3.6. The ELSD
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chromatograms of ELSD analysis for all muscadine whole extracts, i.e. Seed (Figure
3.15), Noble skin (Figure 3.16), Carols skin (Figure 3.17), Noble fruit (Figure 3.18) and
Carols fruit (Figure 3.19), are profiled, which demonstrate that there is no anthocyanin
found in muscadine seed portion as well as Carols whole fruit and its skin portion, while
the peak areas of 5 anthocyanin peaks in the Noble whole fruit and skin were larger than
most of other identified phenolic compounds. Since all compounds have the same
response in the ELSD, it indicates that anthocyanins are the major group of phenolic
compounds in the Noble muscadine, particularly in Noble skin, and the composition of
phenolics in seed and Carols muscadine are likely from other phenolics groups, such as
phenolic acid and flavonoids.
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y = 1.4491x + 3.0188
y = 1.4052x + 3.1020
y = 1.2719x + 3.3574
y = 1.2667x + 3.3242
y = 1.2766x + 3.3345

Epicatechin

Epicatechingallate

Ellagic acid

Myricetin

Resveratrol
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*

: x: log (concentration of analyte in µg/mL); y: log (peak area).

y = 1.3658x + 3.1476

y = 1.3507x + 3.1529

Catechin

Cyanidin-3,5-diglucoside

y = 1.2928x + 3.2943

Protocatechuic acid

y = 1.3060x + 3.2896

y = 1.3327x + 3.1844

Gallic acid

Quercetin

Regression curve*

Analyte

0.9952

0.9941

0.9942

0.9934

0.9927

0.9958

0.9939

0.9937

0.9942

0.9943

R2

6.72

3.49

5.12

5.42

3.98

4.35

4.75

6.24

5.51

4.09

LOD (µg/mL)

Table 3.5 Calibration curves for analyzed phytochemicals by HPLC-ELSD detection

13.18

7.72

11.46

10.77

8.18

10.19

9.84

13.26

10.85

11.02

LOQ (µg/mL)

Table 3.5 Calibration curves for analyzed phytochemicals by HPLC-ELSD detection

Table 3.6 The identification of individual phenolics and anthocyanins in Muscadine
whole extracts from HPLC-ELSD analysis

1

Gallic acid

tR
(min)
1.98

2

Protocatechuic acid

4.22

+

n/a

+

+

+

3

Catechin

11.82

+

+

+

+

+

4

Epicatechin

21.69

+

+

+

+

+

5

Delphinidin-3,5-diglucoside

22.79

n/a

+

n/a

+

n/a

6

Cyanidin-3,5-diglucoside

25.43

n/a

+

n/a

+

n/a

7

Petunidin-3,5-diglucoside

27.33

n/a

+

n/a

+

n/a

8

Peonidin-3,5-diglucoside

29.83

n/a

+

n/a

+

n/a

9

Malvidin-3,5-diglucoside

31.18

n/a

+

n/a

+

n/a

10

Epicatechingallate

31.83

+

n/a

n/a

+

+

11

Ellagic acid

33.56

+

+

+

+

+

12

Myricetin

40.4

+

+

+

+

+

13

Resveratrol

41.42

+

+

+

+

+

14

Quercetin

50.09

+

n/a

n/a

+

n/a

Peak
No.

Phenolic compounds

Seed
mix
+

Noble
skin
+

Carols
skin
+

Noble
fruit
+

Carols
fruit
+

n/a: amount was under LOQ or not detected.
+: detected
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Log (Peak Area Response)
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(a) ELSD detector
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Figure 3.14 Comparison of ELSD (a) and UV (b) calibration curves for selected
phenolics and anthocyanins standard compounds
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Figure 3.15 Chromatograms of HPLC-ELSD analysis for both individual phenolics and anthocyanins in muscadine seed
whole extract. Peaks were identified and are listed in Table 3.6
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Figure 3.15 Chromatograms of HPLC-ELSD analysis for both individual phenolics and
anthocyanins in muscadine seed whole extract. Peaks were identified and are listed in
Table 3.6
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Figure 3.16 Chromatograms of HPLC-ELSD analysis for both individual phenolics and anthocyanins in the Noble
muscadine skin whole extract. Peaks were identified and are listed in Table 3.6
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Figure 3.16 Chromatograms of HPLC-ELSD analysis for both individual phenolics and
anthocyanins in the Noble muscadine skin whole extract. Peaks were identified and are
listed in Table 3.6
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Figure 3.17 Chromatograms of HPLC-ELSD analysis for both individual phenolics and anthocyanins in the Carols
muscadine skin whole extract. Peaks were identified and are listed in Table 3.6
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Figure 3.17 Chromatograms of HPLC-ELSD analysis for both individual phenolics and
anthocyanins in the Carols muscadine skin whole extract. Peaks were identified and are
listed in Table 3.6
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Figure 3.18 Chromatograms of HPLC-ELSD analysis for both individual phenolics and anthocyanins in the Noble
muscadine fruit whole extract. Peaks were identified and are listed in Table 3.6
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Figure 3.18 Chromatograms of HPLC-ELSD analysis for both individual phenolics and
anthocyanins in the Noble muscadine fruit whole extract. Peaks were identified and are
listed in Table 3.6
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Figure 3.19 Chromatograms of HPLC-ELSD analysis for both individual phenolics and anthocyanins in the Carols
muscadine fruit whole extract. Peaks were identified and are listed in Table 3.6
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Figure 3.19 Chromatograms of HPLC-ELSD analysis for both individual phenolics and
anthocyanins in the Carols muscadine fruit whole extract. Peaks were identified and are
listed in Table 3.6

Conclusions
Twenty four individual phenolics including five anthocyanins were identified in
muscadine grapes by HPLC-UV-MS. The selected phenolics and all anthocyanins
composition in all muscadine whole extracts and sub-fractions were explored in this
study, which indicated a different chemical profile from other previous reports for grapes.
To develop a reliable and convincing ELSD method for analyzing phenolic
compounds, 10 standards were selected to calibrate the ELSD detection with desirable
linearities and low LODs and LOQs. Though the test phenolics have different UV
absorption, their responses presented by the ELSD presented are nearly same. In this
context, the ELSD technique for quantification of the selected phenolic acid, flavonoids,
and anthocyanins was shown to be successful, practical and feasible. Using this method,
the gallic acid, (-)-epicatechin, and ellagic acid were reported as the main phenolics in
Carols muscadine grapes and seed portion, while anthocyanins were the main phenolics
in Noble muscadine and skin portion.
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CHAPTER FOUR
ANTI-DIABETIC ACTIVITY OF PHENOLIC COMPOUNDS
AND ANTHOCYANINS IN MUSCADINES
Introduction
Anti-diabetic property of phenolics, especially from grapes, has been recently
studied (Montaguta, et al., 2010; Pinent, Blay, Bladé, Salvadó, Arola, & Ardévol, 2004;
Wang, Du, & Song, 2010; Yao, Sang, Zhou, & Ren, 2010). The number of people with
diabetes is increasing due to aging and the increasing prevalence of obesity and physical
inactivity. Diabetes mellitus, also referred to simply as diabetes, is a kind of metabolic
disease in which the body either does not produce enough insulin or does not respond to
the produced insulin, resulting in an increase of blood glucose levels and causing serious
and irreparable damage to body systems, such as blood vessels and nerves (Matsui, et al.,
2007). There are three main types of diabetes: type I diabetes (insulin-dependent diabetes)
caused by the body's failure to produce insulin, type II diabetes (noninsulin-dependent
diabetes) resulting from insulin resistance, and gestational diabetes, which occurs in
about 2-5% of all pregnancies and may develop to be type II or disappear after delivery.
Diabetes is considered a chronic killer that threatened at least 171 million people
worldwide, or 2.8% of the population, reported in 2000. Type II diabetes is the most
common, for example, affecting 90-95% of the U.S. diabetes population (Wild, Roglic,
Green, Sicree, & King, 2004).
When there is a lack of enough insulin or the insulin is not used as it should be,
glucose (sugar) will accumulate in the blood instead of going into the body's cells,
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causing the cells to function improperly. One of the therapeutic approaches is to decrease
the postprandial hyperglycemia by retarding absorption of glucose via inhibition of
carbohydrate-hydrolyzing enzymes, such as α-glucosidase and α-amylase, which are the
enzymes for the final step in the digestive process of carbohydrates (Bhandari, Nilubon,
Gao, & Kawabata, 2008; Krentz & Bailey, 2005; Pfeiffer, 2003). On the other hand, type
I diabetes is caused by progressive destruction of pancreatic insulin-producing β cells,
which could be damaged by the accumulated lipids in the pancreas. Therefore, lipase
inhibitors have attracted much attention for their antiobesity activities, to reduce the lipid
absorption and to protect the pancreas that will enable the β- cells to produce normal
levels of insulin Nakai, et al., 2005).
The consumption of a diet low in fat and rich in antioxidants may reduce the risk
of insulin resistance (Ghosh & Konishi, 2007). A number of recent reports indicate that
consumption of fruits and vegetables, especially rich in polyphenols, decrease the
incidence of type-2 diabetes, a condition associated with insulin resistance (Anderson, et
al., 2004; Landrault, et al., 2003). However, study of the anti-diabetic property of
muscadine is scarce. Therefore, the aims of this study were to (1) investigate the antidiabetic activities of muscadine whole extracts and sub-fractions in different solvents;
and (2) explore the inhibitive mode and enzymatic parameters such as accurate
dissociation constant (Ki) and IC50 values on the α-glucosidase, α-amylase, and pancreatic
lipase.
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Materials and Methods
Chemicals and Reagents
α-Glucosidase from Saccharomyces cerevisiae (EC 3.2.1.20), α-amylase from
porcine pancreas (EC. 3.2.1.1), lipase from porcine pancreas type II (EC 3.1.1.3), ρnitrophenyl-α-D-glucopyranoside (ρNPG), ρ-nitrophenyl-α-D-maltoside hydrate (ρNPM),
and 4-methylumbelliferyl oleate (4-MU) were obtained from Sigma-Aldrich (St. Louis,
MO). Tris, hydrochloric acid (HCl), was purchased from Fisher Scientific (Suwannee,
GA). The standard, including catechin, ellagic acid, and quercetin, were obtained from
Sigma-Aldrich as well (St. Louis, MO). Anthocyanin standards, that is, cyanidin, and
cyanidin-3,5-diglucoside, were purchased from Chromadex (Irvine, CA).

Determination of α-Glucosidase Activity.
The assay uses ρNPG as the substrate, which is hydrolyzed by α-glucosidase to
release ρ-nitrophenol, a color agent that can be monitored at 405 nm. Briefly, 20 μL of a
sample solution was mixed with 70 μL of the enzyme solution (1 unit/mL) in 0.1 M
phosphate buffer (pH 6.8), since α-glucosidase is sensitive to different pH values, and
incubated at 37 ºC for 6 min under shaking. After incubation, 100 μL of 4 mM ρNPG
solution in the above buffer was added to initiate the colorimetric reaction at 37 ºC. The
released ρ-nitrophenol was monitored at 405 nm every min for a total time of 60 min by a
Bio-Tek μQuant 96 micro well plate reader (Bio-Tek Instruments, Inc., Winooski, VT)
(Suresh, et al., 2004). The highest rate (V) of the initial enzymatic reaction for each
sample was measured for the further investigation in this study. All of the samples that
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are 5 whole fruit methanolic extracts and all sub-fractions by different solvent extract,
were investigated for the α-glucosidase kinetic inhibition. In this study, 4 mg/mL of
Noble whole extract, 2 mg/mL of Noble skin whole extract, 0.1 mg/mL of cyanidin, 1
mg/mL of cyanidin-3,5-diglucoside, and the control were selected for analyzing the effect
of anthocyanins on anti- α-glucosidase activity, as well as 1 mg/mL of seed whole extract,
2 mg/ml of Carols whole extract, the control and selected phenolics standards, i.e. 1
mg/mL of catechin, 50 µg/mL of quercetin, and 10 µg/mL of ellagic acid were applied
for analyzing the effect of phenolics, to react with ρNPG at different concentrations
separately to determine their inhibitive modes (You, Chen, Wang, Luo, & Jiang, 2011).
All the samples were run at least in triplicate.

Determination of α-Amylase Activity.
The α-amylase inhibitory activity was assayed in the similar way as described for
α-glucosidase inhibitory assay except that porcine pancreatic amylase and ρNPM were
used as enzyme and substrate, respectively (Kim, Kwon, & Son, 2000). Aliquots of 20
μL of a sample solution was mixed with 100 μL of the enzyme solution (2000 unit/mL)
in 0.1 M phosphate buffer (pH 6.8), and incubated at 37 ºC for 10 min under shaking.
After incubation, 80 μL of 4 mM ρNPM solution in the above buffer was added to initiate
the colorimetric reaction at 37 ºC. The released ρ-nitrophenol was monitored at 405 nm
every min for a total time of 30 min. The highest rate (V) of the initial enzymatic reaction
for each sample was measured for the further investigation in this study. All of the
samples, that are 5 whole fruit methanolic extracts and all sub-fractions by different
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solvent extraction, were investigated for the α-amylase kinetic inhibition. In this study,
100 mg/mL of Noble skin whole extract, 100 mg/mL of seed whole extract, and the
control were selected to react with ρNPG at different concentrations separately to
determine their inhibitive modes for both anthocyanin and phenolic-rich extracts. All the
samples were run at least in triplicate.

Determination of Pancreatic Lipase Activity
The pancreatic lipase activity was measured by using 4-MU oleate as a substrate,
as reported by Nakai and his co-workers (2005). An aliquot of 50 μL of the pancreatic
lipase solution (2 unit/mL) in a 50 mM Tris-HCl (pH 8.0) buffer solution was added into
100 μL of the diluted sample solution and mixed with 50 μL of a 0.5 mM 4-MU solution
dissolved in the above buffer in the well of a 96-well microplate to start the enzyme
reaction. The plate was immediately placed in the 37 ºC preheating FLx800 microplate
fluorescence reader (Bio-Tek Instruments, Inc.) to measure the amount of 4methylumbelliferone released by the lipase every minute for 30 min at an excitation
wavelength of 360 nm with a tolerance of ±40 nm and an emission wavelength of 455 nm
with a tolerance of ±20 nm. The enzymatic reaction rate for each sample was measured as
mentioned above. All of the samples, that are 5 whole fruit methanolic extracts and all
sub-fractions by different solvent extraction, were investigated for the pancreatic lipase
inhibition. Noble fruit whole extract (20 mg/mL), Noble skin whole extract (10 mg/mL),
cyanidin (0.04 mg/mL), cyanindin-3,5-diglucoside (0.2 mg/mL), and the control were
studied for analyzing the effect of anthocyanins on anti-lipase activity, as well as 5
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mg/mL of seed whole extract, 30 mg/ml of Carols whole extract, the control and selected
phenolics standards, i.e. 100 µg/mL of catechin, 30 µg/mL of quercetin, and 50 µg/mL of
ellagic acid were applied for analyzing the effect of phenolics, against the substrate 4-MU
oleate at different concentrations to explore the enzymatic kinetic constants and inhibitive
mode (You, Chen, Wang, Luo, & Jiang, 2011). All the samples were run at least in
triplicate.

Ki and IC50 Values of Effects against α-Glucosidase, α-Amylase,
and Pancreatic Lipase Inhibitory Activities
To determine the Vmax and Km constants, the ρNPG and ρNPM substrate solutions
in 1, 2, 3, 4, and 5 mM for the α-glucosidase and α-amylase activity assay, respectively,
and the 4-MU solutions in 0.05, 0.1, 0.25, and 0.5mM for the pancreatic lipase activity
were used to react with the methanol (control) to make the Lineweaver-Burk plot from
the Michaelis Menten equations. The same substrate solutions were also used to react
with the selected muscadine extracts and the selected phenolics and anthocyanins
standards to determine their inhibitive types against the enzymes. Then, 4 mM
concentration of the ρNPG and ρNPM substrate solutions and a 0.5 mM concentration of
the 4-MU solutions were chosen to react with all extracts in series of concentrations,
respectively. All the samples were run at least in triplicate. The Ki values were obtained
from the least-squares regression lines that were plotted from the reciprocal of the sample
concentration versus the reciprocal of the rate of reactions, for which the formula is listed
below:

1

1
𝑉

𝐾𝑚

1

= 𝑉𝑚𝑎𝑥 𝐾𝑖 𝑆 𝐼 + 𝑉𝑚𝑎𝑥 1 +
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The IC50 value was obtained from:
𝑆

IC50 = 𝐾𝑖 1 + 𝐾𝑚

1

(4.2)

where the Km is the Michaelis constant and the Ki is the dissociation constant. The Vmax is
the maximum rate of the enzymatic reaction. The [S] represents the concentration of
substrate, and [I] is the concentration of sample (inhibitor) solution. The IC50 value is the
concentration of sample (inhibitor) to provide 50% inhibitory activity (You, Chen, Wang,
Jiang, & Lin, 2012).

Effect of Phenolic Compounds on Anti-diabetes
α-Glucosidase Inhibitory Activity
To determine the enzyme inhibition modes of phenolics, the Lineweaver-Burk
plots for seed and Carols fruit whole extracts, the phenolic-rich extracts, and the selected
phenolics standards are shown in Figure 4.1, while the α-glucosidase kinetic inhibition
curves for seed whole extract are shown in Figure 4.2. The Lineweaver-Burk plots
suggested the equation for the control was y = 3.0373x + 2.0176 (R² = 0.9995), while the
equation for seed whole extract was y = 9.1776x + 2.0436 (R² = 0.9939) and y = 13.136x
+ 2.0659 (R² = 0.9843) for Carols whole extract. The linear regression equations for the
chemical standards of catechin, quercetin and ellagic acid were y = 12.756x + 2.0376 (R²
= 0.9956), y = 25.035x + 2.0445 (R² = 0.9924), and y = 43.455x + 2.002 (R² = 0.9926),
respectively. The Ki and IC50 values for all solvent extracts of Seed and Carols fruit were
deduced and are listed in Table 4.1, based on the competitive inhibition mode, while
those parameters for the selected phenolic standards, i.e. catechin, quercetin and ellagic
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acid, which were main phenolics identified in Chapter 3, are listed in Table 4.2. The
smaller Ki and IC50 values mean the stronger inhibitory activities. The results (shown in
Table 4.1) indicate that the Ki values of Carols fruit whole extract and seed whole extract
are 0.71 and 0.57 mg/mL, respectively, when 1.92 mg/mL of Carols whole extract and
1.53 mg/mL of seed whole extract were able to inhibit 50% of the α-glucosidase activity.
Compared to other solvent extract fractions (i.e., the CHCl3, BuOH and water extracts),
the EtOAc extracts from the Carols and the seed samples showed the strongest αglucosidase inhibition, the Ki values of which were 0.92 and 1.47 mg/mL, respectively. In
addition, the IC50 values of catechin, quercetin and ellagic acid were as low as 1002.46,
15.20, 2.18 µg standard/mL, respectively.
Alpha-glucosidase as a key enzyme involved in sugar metabolism is considered a
good model for studying the effect of nutraceuticals on type II diabetes (Gowri, Tiwari,
Ali, & Rao, 2007; Kim, Jeong, Wang, Lee, & Rhee, 2005; Kwon, Apostolidis, & Shetty,
2008; McDougall & Stewart, 2005). However, most of the previous investigations only
reported the inhibitory activities of phytochemicals at their specific concentrations, rather
than giving deep exploration of the inhibitors' enzymatic mode and their exact IC50 values
against the α-glucosidase (Gowri, Tiwari, Ali, & Rao, 2007; Kwon, Apostolidis, &
Shetty, 2008). In this study, the type of the inhibitive mode of the enzyme inhibitors from
the muscadine extracts was characterized by the kinetic method, from which the Ki and
the IC50 value were determined. As shown in the Lineweaver-Burk plots, all inhibitors
nearly gave the same intercepts in the y axis in the plot, although the mathematical
equations for them differ in slopes, which indicated that, no matter of the inhibitor source
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therein (e.g., the Carols fruit extract, or the seed extract), their enzymatic inhibition
modes, were the same belonged to the competitive type.
The results of the Ki and IC50 values for the α-glucosidase inhibitory activity
demonstrated that the Carols muscadine extracts were comparable to other reported
natural strong inhibitors like oolong tea and green tea extracts against the α-glucosidase
(Oki, Matsui, & Osajima, 1999). The EtOAc extracts from both Carols fruit and the seed
exhibited stronger α-glucosidase inhibitory activity, while the Carols CHCl3 and seed
water extract had the weak inhibitions. The high inhibitory activities of the EtoAc
extracts corresponding to their low IC50 and Ki values were coincident with the high
content of phenolic compounds in the extracts, which are presented in Figure 4.1. It was
suggested that phenolic compounds, some of which were identified by HPLC-MS in this
study, might be a major contributor for the α-glucosidase inhibition. However, many
research on the absorption of phenolics, particularly flavonoids, suggested that flavonoids
would be absorbed as the aglycones (Heim, Tagliaferro, & Bobilya, 2002; Hollman &
Katan, 1997). In this context, the catechin, quercetin and ellagic acid were chosen as
phenolic algycone standards subject to the HPLC-MS identification, and analyzed for
their α-glucosidase inhibition. As shown in Table 4.2, the phenolic compounds exhibited
very strong α-glucosidase inhibitory capacities, particularly by the ellagic acid.

α-Amylase Inhibitory Activity
To determine whether the inhibition is specific, the effects of all fractions of
Carols muscadine and seed were further evaluated on other digestive enzymes including
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pancreatic α-amylase and lipase. The α-amylase inhibitory model of phenolics in
muscadine were determined by comparing the Lineweaver-Burk plots of seed whole
extracts with the control, of which the equations were indicated as y = 268.25x + 28.19
(R² = 0.9933), and y = 168.88x + 28.601 (R² = 0.9956), respectively. As presented in
Figure 4.3, lines crossed in the same point in the y-axis, which deduced the complete
inhibitory model of α-amylase as well. Ki and IC50 values for all kinds of extracts of seed
and Carols whole fruit on effect of α-amylase inhibitory activity are summarized in Table
4.1. However, the range of IC50 values of extracts (338.53-7697.90 mg/mL) showed there
was no significant inhibition on this digestive enzyme, which in agreement with the
report form Hogan, Zhang, Li, Sun, Canning, and Zhou (2010).
Both α-amylase (E.C. 3.2.1.1) and α-glucosidase (EC 3.2.1.20) belong to the
glycoside hydrolase family 13 and share a common reaction mechanism and several short
conserved sequences (Inohara-Ochiai, Nakayama, Goto, Nakao, Ueda, & Shibano, 1997).
Non-specific inhibitors often inhibit both enzymes due to their structural similarities.
However, the results in this study showed that the muscadine extracts (both the seed and
Carols grape) significantly inhibited α-glucosidase but not α-amylase, suggesting that
they are likely specifically targeting α- glucosidases and their inhibiting mechanism may
differ from that of acarbose, which inhibits both α-amylase and α-glucosidase. Acarbose
has been used for diabetes treatment but this agent has been problematic due to associated
adverse gastrointestinal (GI) side effects as a result of its non-specific inhibition of αamylase, causing excessive accumulation of undigested carbohydrates in the large
intestine (Murai, Iwamura, Takada, Ogawa, Usui, & Okumura, 2002; Hogan, Zhang, Li,
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Sun, Canning, & Zhou, 2010). Therefore, specific α-glucosidase inhibitors may provide a
novel antidiabetic effect and at the same time fewer GI side effects than currently
available inhibitors. As such, muscadine grape extracts that can specifically inhibit αglucosidases may have utility for diabetes management with reduced side effects.

Pancreatic Lipase Inhibitory Activity
Similar to the above mentioned α-glucosidase inhibitory assay, effects of 5
mg/mL of seed whole extract, 30 mg/mL of Carols whole extract, 100 µg/mL of catechin,
20 µg/mL of quercetin, 50 µg/mL of ellagic acid and the control were mixed with
different concentrations of the substrate 4-MU oleate. As shown in the Lineweaver-Burk
plot for all of them (Figure 4.4), lines y = 0.4822x + 0.6992 (R² = 0.9921), y = 0.6529x +
0.6918 (R² = 0.9985), y = 0.2898x + 0.6926 (R² = 0.9954), y = 0.3596x + 0.6843 (R² =
0.9984), y = 0.4336x + 0.6888 (R² = 0.9962), and y = 0.2287x + 0.6948 (R² = 0.9986)
represent the seed whole methanolic extract, Carols whole extract, catechin, quercetin,
ellagic acid, and control, respectively. Obviously, all the lines crossed at the same point in
the y-axis. Then the Ki and IC50 value for different solvent extract fractions of the
muscadine and the seed were determined and are listed in Table 4.1, as well as the results
for the selected standards that are shown in Table 4.2. The Carols and seed whole extracts
showed the low IC50 values at 34.41 and 8.63 mg/mL, respectively. In the same bioassay,
2500.98 µg/mL of catechin, 83.66 µg/mL of quercetin and 103.48 µg/mL of ellagic acid
also provided the 50% pancreatic lipase inhibitory activity. In the different solvent extract
fractions, the Ki values of EtOAc extracts of the Carols whole fruit and the seed were
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46.22 mg/mL and 7.52 mg/mL, respectively, indicating their strong inhibitory activity
over other solvent extract fractions against the pancreatic lipase.
Few reports have been published about the pancreatic lipase inhibitory activity of
nutraceuticals. Moreno and his co-workers (2003) reported 1 mg/mL of the grape seed
extract provided 80% inhibitory capacity against the pancreatic lipase. Yet, most of the
previous research only reported the inhibitive activity of the tested samples against the
lipase within the range of concentrations instead of the inhibitive mode (Moreno, Ilic,
Poulev, Brasaemle, Fried, & Raskin, 2003; McDougall, Kulkarni, & Stewart, 2009). In
this study, the inhibitory mode was determined from the Lineweaver-Burk plots of
samples compared with the control. The regression lines in the Lineweaver-Burk plots
have the same y-intercept in the y-axis, which means all the inhibitors, not only the
phenolic-rich extracts but also the single selected phenolic standards, fell into the
competitive inhibition mode against the lipase. Their Vmax and Km values could be
deduced from the control, and the Ki and IC50 values for different solvent extracts of the
Carols muscadine and seed were thereafter calculated based on the competitive inhibition
mode.
The results of anti-pancreatic lipase assay supported that the phenolics in
muscadine is also effective to inhibit the pancreatic lipase. The seed whole methanolic
extract had lower Ki and IC50 values than those of the Carols fruit whole extract, which
might be contributed to the higher TPC in the seed whole extract than that in the Carols
one. Like the α-glucosidase inhibitory test, the seed EtOAc fraction had the lower IC50
and higher TPC other than those of the Carols EtOAc fraction and the other solvent
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extract fractions, which demonstrated the seed extracts possessed stronger inhibitory
activities against the pancreatic lipase than its counterparts of the Carols extracts.
Moreover, the inhibitive capacities of all different fractions against the lipase were
perfectly coincident with their TPC values, which suggested that most of the inhibitory
capacity in muscadine might derive from the phenolic compounds. The Ki and IC50 values
of the catechin, quercetin and ellagic acid (Table 4.2) indicated that the natural phenolic
compounds exhibited stronger lipase inhibitory activity. They might be the main
functional compounds against the lipase activity in muscadine, for which the similar
results were also reported by Nakai et al. (2005) and McDougall, Kulkarni, and Stewart
(2009).
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47.13

17.82

7.52
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81.41

78.72

46.22
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17.52
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92.60
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14.77

35.54
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90.81
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Table 4.1 Ki and IC50 on α-Glucosidase, α-Amylase, and Lipase for phenolics analysis in Different Solvent Extracts from
Carols Whole Fruit and Seed.

Table 4.1 Ki and IC50 on α-Glucosidase, α-Amylase, and Lipase for phenolics analysis in
Different Solvent Extracts from Carols Whole Fruit and Seed.

Table 4.2 Ki and IC50 on α-Glucosidase and Lipase of selected phenolics and
anthocyanins standards
Anti α-glucosidase
Standards

Anti pancreatic lipase

Ki(μg/mL1)

IC50(μg/mL1)

Ki(μg/mL1)

IC50(μg/mL1)

Catechin

274.11

1002.46

992.84

2500.98

Quercetin

4.16

15.20

33.21

83.66

Ellagic acid

0.60

2.18

41.08

103.48

Cyanidin

0.01

0.04

0.07

0.17

Cyanidin-3, 5 -diglucoside

1.64

6.01

0.35

0.89

: μg standard per mL

1
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Figure 4.1 Lineweaver Burk plots of control, Seed whole extract, Carols fruit whole
extract, catechin, quercetin, and ellagic acid for the α-glucosidase inhibitory activity.
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Figure 4.2 The kinetics of α-glucosidase inhibitory activity for the Seed methonalic
whole extract (2 mg/ml) reacted with different ρNPG (substrate) concentrations
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Figure 4.3 Lineweaver Burk plots of control, Seed whole extract, and Noble skin whole
extract for the α-amylase inhibitory activity.
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Figure 4.4 Lineweaver Burk plots of control, Seed whole extract, Carols fruit whole
extract, catechin, quercetin, and ellagic acid for the lipase inhibitory activity
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Effect of Anthocyanins on Anti-diabetes
α-Glucosidase Inhibitory Activity
The type of the inhibitive mode of anthocyanin-rich fractions from the muscadine
extracts (Noble fruit and Noble skin) was characterized by the kinetic method, from
which the Ki and the IC50 value were determined in this study as well. Figure 4.5 shows
their Lineweaver-Burk plots. The L-B plots deduced inhibitive linear equations for the
control as y = 3.0373x + 2.0176 (R2 = 0.9995), for Noble fruit whole extract as y =
25.265x + 2.0265 (R2 = 0.9968) and for Noble skin whole extract as y = 9.5872x +
2.0232 (R2 = 0.9919). Although the mathematical equations for all of the inhibitors and
the control differ in slopes, their y-intercepts were nearly the same, indicating their
enzymatic inhibition modes belonged to the same competitive type. The same results
were drawn from the analyses of cyanidin and cyanidin-3,5-diglucoside. Similar results
were reported by Zhang et al. (2011) and Adisakwattana, Charoenlertkul, & YibchokAnun (2009), who also demonstrated that the inhibition mode of cyanidin-3-glucoside
was competitive, while that of cyanidin-3-galactoside was competitive predominant over
noncompetitive. To explain, Jayaprakasam and his co-workers (2005) investigated that
anthocyanins and anthocyanidins can directly induce secretion of insulin from pancreatic
cells in ex vivo assays. Another theory was purposed by Gordon and Derek (2005), who
found that anthocyanin could act as a competitive α-glucosidase inhibitor because of the
structural similarity between the normal substrate maltose and the glucosyl group, which
is β-linked to the anthocyanin.
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The Ki and IC50 values for all samples were determined based on the competitive
inhibition mode and are listed in Table 4.3. The results indicated that even 1.50 mg/mL of
Noble fruit whole extract and 2.73 mg/mL of Noble skin whole extract had been enough
to inhibit 50% of the α-glucosidase activity, which demonstrated that the Noble
muscadine is really a great source of strong natural inhibitor against the α-glucosidase,
similar with the observation from Carols muscadine in Table 4.1. Regarding other solvent
extracts, the CHCl3 extracts for both Noble fruit and skin had a weak α-glucosidase
inhibitory activity, while the EtOAc extract and BuOH extract exhibited stronger
inhibitions. The high inhibitory activities of the BuOH extracts in term of their IC 50 and
Ki values, for instance, 7.19 and 2.66mg/mL for the Noble fruit BuOH fraction based on
the fresh whole fruit weight and 2.85 and 1.05 mg/mL for the BuOH extract of Noble
skin based on the fresh skin weight, were coincident with the high content of
anthocyanins in the extracts. According to the total anthocyanin content (TAC) indicated
in Figure 2.3, most parts of anthocyanins of the muscadine, both of the Noble whole fruit
and skin, were extracted and enriched in the BuOH extracts from the whole methanolic
extracts, in which anthocyanins existed as high as 46.51 (0.62 and 166.99 ( 0.88 mg/100
g fresh material, respectively. This means anthocyanins, especially in the skin of the
Noble muscadine, might be a major contributor for the α-glucosidase inhibition. However,
in Table 4.2, the IC50 of the skin whole extract against the α-glucosidase was much lower
than that of the pure cyanidin-3,5-diglucoside, which was a major anthocyanin in the
extract. Therefore, it is also worthy to be mentioned that, besides anthocyanins, other
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phytochemical polyphenolics in the extracts might also contribute the enzymatic
inhibitory activity as shown in the EtOAc extract.
On the basis of the HPLC-MS identification, the cyanidin-3,5-diglucoside was
chosen as a standard to be analyzed for the α-glucosidase inhibition. The cyanidin was
analyzed in this study as well, because some of the anthocyanins are digested and
converted to the corresponding anthocyanidins in small intestinal by β-glucosidase (He,
Wallace, Keatley, Failla, & Giusti, 2009). The results showed that the IC50 value of
cyanidin (0.04 mg/mL) for the α-glucosidase inhibition was much lower than that of
cyanidin-3,5-diglucoside (6.01 mg/mL), which means the cyanidin has a much stronger
antidiabetic activity than its glycoside form. It suggests that anthocyanins may exert more
α-glucosidase inhibitory activity after being hydrolyzed in intestine.

α-Amylase Inhibitory Activity
Figure 4.3 shows the Lineweaver-Burk plots of Noble skin whole extracts rich
with anthocyanins and the control, in which the equations were y = 325.81x + 27.335 (R²
= 0.9939), and y = 168.88x + 28.601 (R² = 0.9956), respectively. Lines are crossing on yaxis. On basis of the complete inhibitory model from plotting, Ki and IC50 values for
anthocyanin-rich extracts of muscadine grape on effect of α-amylase inhibitory activity
(Table 4.3) suggested anthocyanin-rich extracts did not have significant α-amylase
inhibition, which was similar with the effects from phenolic-rich extracts, that were seed
and Carols muscadine whole extracts with their different solvent fractions. The similar
conclusion also reported by Zhang et al. (2011), which showed the Norton grape skin
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extract did not have significant α-amylase inhibition with even the dose up to 1 mg/mL in
the reaction. Therefore, the anthocyanin-rich extract is likely an inhibitor specifically
targeting a-glucosidases and its inhibiting mechanism may differ from that of acarbose,
which inhibits both a-amylase and a-glucosidase, as well.

Pancreatic Lipase Inhibitory Activity
The effects of Noble fruit and skin portion extracts, cyanidin, and cyanindin-3,5diglucoside were studied for exploring the enzymatic kinetic constants and inhibitive
mode. As shown in the L-B plots for the lipase (Figure 4.7), equations of y = 0.2287x +
0.6948 (R2 = 0.9986), y = 0.5266x + 0.6914 (R2 = 0.9940), y =0.3252x + 0.695 (R2 =
0.9995), y = 0.2565x + 0.6926 (R2 =0.9955), and y = 0.2949x + 0.6983 (R2 = 0.9931)
represent the enzymatic reaction curves for the control, Noble fruit and skin whole
methanolic extracts, cyanidin, and cyanidin-3,5-diglucoside, respectively, which have the
same y-intercept in the y-axis. This means that all of the inhibitors (i.e., the extracts, the
single anthocyanin, and anthocyanidin) fell into the competitive inhibition mode against
the lipase.
Ki and IC50 values of all fractions of Noble whole fruit and skin protein are
calculated taking into account the change in the kinetic constants, as shown in Table 4.3.
The whole methanolic extracts of Noble fruit and skin showed the low Ki values at 8.60
and 5.68 mg/mL, and their IC50 values as low as 16.90 and 11.15 mg/mL, respectively.
Regarding the different solvent extract fractions, the IC50 values of the Noble fruit EtOAc
and BuOH fractions were 83.78 and 38.04 mg/mL, respectively. In contrast, the IC 50
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values of the EtOAc and BuOH extracts of Noble skin portion were 30.27 and 30.93
mg/mL, respectively, which demonstrated that the skin extracts possessed stronger
inhibitory activities against the pancreatic lipase than their counterparts of the whole fruit
extracts (i.e., Noble fruit EtOAc and BuOH fractions) in the Noble muscadine, as well as
the other two solvent extract fractions (i.e., Noble skin CHCl3 and water fractions). The
BuOH extract of Noble fruit showed a stronger inhibitive activity against the pancreatic
lipase than its EtOAc fraction, which suggested that the anthocyanins in the Noble
muscadine might perform most of the inhibitory activity. Table 4.2 also lists the Ki values
of the cyanidin and cyanidin-3,5-diglucoside for their lipase inhibitory activity, which
were 0.07 and 0.35 mg/mL. Meanwhile, their IC50 values were 0.17 and 0.89 mg/mL,
respectively. On the basis of the results, the anthocyanidin exhibited a much stronger
lipase inhibitory activity than its glycosidic anthocyanin. This may also suggest that the
anthocyanins in muscadine might be the main bioactive compounds contributing to the
lipase inhibitory activity and may exert more pancreatic lipase inhibitory activity after
being hydrolyzed in the human's intestine. This result is in agreement with the previous
report that anthocyanins are a stronger lipase inhibitor than other natural phenolic
compounds (Nakai, et al., 2005). Regarding the strong inhibitory activites from both αglucosidase and lipase inhibitory activities, it is believed that muscadine, a U.S. regional
special fruit, can be developed into promising nutraceuticals for human health benefits.

152

153

0.76
2.66
188.37
1.01
634.49
6.54
1.05
14.88

Noble EtOAc extract

Noble BuOH extract

Noble Water extract

Noble Skin whole extract

Noble Skin CHCl3 extract

Noble Skin EtOAc extract

Noble Skin BuOH extract

Noble Skin Water extract

: mg fresh material per mL.

70.09

Noble CHCl3 extract

1

0.56

Ki(mg/mL )

1

1

40.21

2.85

17.66

1714.12

2.73

508.88

7.19

2.07

189.35

1.50

IC50(mg/mL )

Anti α-glucosidase

Noble whole extract

Samples

3298.43

2245.74

446.30

6596.85

149.66

2090.09

831.10

553.34

5148.76

433.02

Ki(mg/mL )

1

1

5532.87

3767.06

748.63

11065.73

251.05

3505.98

1394.11

928.19

8636.67

726.37

IC50(mg/mL )

Anti α-amylase

21.26

15.74

15.41

105.35

5.68

56.86

19.36

42.64

95.53

8.60

Ki(mg/mL 1)

41.77

30.93

30.27

206.98

11.15

111.71

38.04

83.78

187.67

16.90

IC50(mg/mL 1)

Anti pancreatic lipase

Table 4.3 Ki and IC50 on α-Glucosidase, α-Amylase, and Lipase for anthocyanins analysis in Different Solvent Extracts
from Noble Whole Fruit and Skin.
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in Different Solvent Extracts from Noble Whole Fruit and Skin.
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Figure 4.5 Lineweaver Burk plots of control, Noble skin whole extract, Noble fruit whole
extract, cyanidin, and cyanidin-3,5-diglucoside for the α-glucosidase inhibitory activity.
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156

Conclusions
Inhibitory effect of the muscadine grape extracts on three enzymes, i.e. αglucosidase, α-amylase and pancreatic lipase, regarding their anti-diabetic activities. The
study demonstrated that the phenolic and anthocyanin-rich extracts as well as the selected
representative phytochemicals for phenolics anthocyanins (i.e., catechin, quencertin,
ellagic acid, cyanidin and cyanidin-3,5-diglucoside) obeyed the competitive mode against
the enzymes. In addition, the EtOAc extract fractions of both seed and Carols muscadine
fruit exhibited the strongest enzymatic inhibition, and the lowest Ki and IC50 values
against the α-glucosidase and pancreatic lipase. This phenomenon was in coincidence
with the highest TPC in the fractions. The methanolic extracts of whole fruit and skin of
the muscadine showed strong inhibitory activities against the α-glucosidase and lipase.
Particularly, its sub-fraction, e.g., the BuOH extract, exhibited much higher inhibitory
activities against both enzymes than the CHCl3 and water extracts. This result was
ascribed to the majority of anthocyanins in the BuOH fraction. Moreover, cyanidin
exhibited a much stronger anti-diabetic activity than cyanidin-3,5-diglucoside, suggesting
that anthocyanins may have higher inhibitory activities after being digested. However,
there were no obvious inhibition on α-amylase for both muscadine phenolics and
anthocyanin-rich extracts. Therefore, the results demonstrated that the muscadine extracts
only exerted the strong anti-diabetes activities on the α-glucosidase and lipase.
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CHAPTER FIVE
ANTI-CANCER CAPACITY OF PHENOLIC COMPOUNDS
AND ANTHOCYANINS IN MUSCADINES
Introduction
Previous epidemiological studies have demonstrated that consumption of fruits
and vegetables is positively associated with the prevention of chronic diseases such as
diabetes, heart disease, and some types of cancer (Kris-Etherton, et al., 2002; Mullick &
Gasser, 2004). Therefore, there has been a growing interest in exploring and
understanding the reasons for the health beneficial effects of fruits and vegetables, and
identifying the relevant bioactive components. Phenolic compounds, including phenolic
acids and flavonoids in fruits and vegetables, have been investigated as especially
promising candidates (Lee & Lee, 2006). Phenolic compounds have many kinds of
functions, such as scavenging free radicals (Sanchez-Moreno, Larrauri, & Saura-Calixto,
1999), inhibiting or activating enzymes, functioning as metal chelators (Garbisa, Sartor,
Biggin, Salvato, Benelli, & Albini, 2001; Russo, et al., 2000), etc., which help to prevent
damages on lipids, proteins, and nucleic acids. Besides, polyphenols have been reported
to decrease leukocyte immobilization, induce apoptosis of cancer cells, inhibit cell
proliferation and angiogenesis, and exhibit phytoestrogenic activity (Yang, Landau,
Huang, & Newmark, 2001; Nijveldt, van Nood, van Hoorn, Boelens, van Norren, & van
Leeuwen, 2001; Adlercreutz & Mazur, 1997). All of these functions may contribute to
cancer prevention.
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Colorectal cancer and breast cancer have attracted increasing interests because the
former is the second leading cause of cancer death in North America and the fourth most
common form of cancer worldwide (Boyle & Langman, 2000), while the latter is the
most frequently diagnosed cancer in women (Yang & Liu, 2009). Many researchers are
focusing on the phytochemicals because of their various health benefits, including the
mitigation and/or treatment for the colon cancer and breast cancer. For example, phenolic
compounds were reported to be able to inhibit the development of colon cancer cells in
human intestines before they are absorbed and are detected in the plasma (Suganuma,
Okabe, Oniyama, Tada, Ito, & Fujiki, 1998; Manach, Scalbert, Morand, Remesy, &
Jimenez, 2004).
Compared with other fruits and vegetables, muscadine grape contains a relatively
higher amount of polyphenols, anthocyanins, and other nutrients that make it the latest
subject for health-benefiting studies. Recent studies of muscadine grapes have shown its
anti-proliferative property against several cancer cell types, including colon cancer (Yi,
Fischer, & Akoh, 2005; Mertens-Talcott, Lee, Percival, & Talcott, 2006), prostate cancer
(Hudson, et al, 2007), and liver cancer (Yi, Akoh, Fischer, & Krewer, 2006).
Nevertheless, such of kind studies involving the health benefits of muscadine grapes are
still scarce.
In the present investigation, the effects of extracts from different portions of
muscadine grapes and their sub-fractions, including phenolics-rich and anthocyanins-rich
fractions, on the inhibition of colon cancer cells HT-29 and breast cancer cells MCF-7
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were studied. In addition, the anti-proliferative capability of pure phenolics and
anthocyanins standards were investigated by the same bioassay.

Materials and Methods
Standards and Reagents
Phenolics

standards,

including

gallic

acid,

catechin,

ellagic

acid,

epicatechingallate and quercetin, were obtained from Sigma-Aldrich (St. Louis, MO).
Standards of anthocyanins, i.e. delphinidin, cyanidin, petunidin, peonidin, and malvidin,
were purchased from Chromadex (Irvine, CA). Two cancer cell lines, human colon
cancer cells HT-29 and breast cancer cells MCF-7, were purchased from ATCC
(Manassas, VA). ATCC medium, McCoy‟s 5A medium with 1.5 mM L-glutamine and
2200 mg/L sodium bicarbonate for HT-29, and Eagle‟s minimum essential medium with
2 mM L-glutamine, nonessential amino acids, 1 mM sodium pyruvate, and 1500 mg/L
sodium bicarbonate for MCF-7, and Fetal Bovine Serum (FBS) were obtained from
ATCC (Manassas, VA) as well. Insulin, dimethyl sufoxide (DMSO), and methanol were
from

Fisher

Scientific

(Fair

Lawn,

NJ).

3-(4,5-Dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfenyl)-2H-tetrazolium (MTS) cell proliferation assay kit
was purchased from Promega (Madison, WI).

Cell Cultures
Human colon cancer cells HT-29 were cultured in the ATCC McCoy‟s 5A
modified medium, supplemented with 10% fetal bovine serum; The breast cancer cells
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MCF-7 were cultured in the Eagle‟s minimum essential medium with 10% fetal bovine
serum and 1 mg/mL insulin. Both of them were placed in an incubator with 5% CO2
under 37 °C. The fresh medium was changed per two days. Subcultures should be
undergone two or three times per week when cells were around 90% confluence to
maintain a logarithmic growth (Yi, Fischer, Krewer, & Akoh, 2005).

Antiproliferation Assay of Cancer Cells
The antiproliferative activity of all muscadine extracts, i.e. whole extracts and
sub-fractions, as well as the phenolic and anthocyanin standards toward HT-29 and MCF7 cancer cells, was assessed by the colorimetric MTS assay (MTS-based cell titer 96
nonradioactivity cell proliferation assay) (Promega, Madison, WI) (Yi, Fischer, Krewer,
& Akoh, 2005; Olsson, Andersson, Oredsson, Berglund, & Gustavsson, 2006). Briefly,
200 μL of 7.5 × 104 cells/mL cell solution, i.e. 1.5 × 104 cells/well, were seeded into a 96
well tissue culture plate. Then the cells were treated with 4 μL of a final various
concentrations of the whole muscadine extracts (4, 8, 12, 16 and 20 mg/mL), muscadine
sub-fraction extracts (8, 16, 24, 32 and 40 mg/mL), and standards (8, 16, 24, 32 and 40
μg/mL) dissolved in methanol, which was limited to a 2% concentration in each well. For
the negative control, the cells were treated with 4 μL of methanol only. After a 48 h
incubation period, cell proliferation was determined using the MTS assay (CellTiter 96®
aqueous non-radioactive cell proliferation assay). Results were recorded by the μQuant
Bio-Tek microplate reader at 490 nm (Yang & Liu, 2009). Antiproliferation was
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measured as percent compared to control on the basis of the following formula, and all
measurements were conducted in six times.
Cell proliferation (%) =

abs of sample@490nm
 100%
abs of control@49 0nm

(5.1)

Statistical Analysis
Data analysis was performed using SAS software (SAS 9.2) with PROC GLM
and PROC MIXED. A factorial design and analysis was used for the experiments for the
methonalic whole extracts, while the split-split-plot design was used for all sub-fractions
analyses. All values were expressed as mean±S.D. The differences of means were
analyzed with Fisher‟s least significant difference (LSD) procedure (SAS Institute Inc.
2008). Difference was considered significant at P≤0.05.

Effect of Phenolics and Anthocyanins on Anti-Colon Cancer
The anticarcinogenic effects of fruits, berries, and vegetables might be exerted in
several ways such as suppressing mutagenesis, inhibiting cell proliferation, or causing
induction of apoptosis (Olsson, Andersson, Oredsson, Berglund, & Gustavsson, 2006). In
this investigation, the effects of extracts from all muscadine extracts and sub-fractions
dissolved in methanol were tested on the cell proliferation. Two groups of polyphenolic
compounds (i.e., phenolics and anthocyanins) were targeted to be analyzed for their
effect on the inhibition of the cancer cell viability.
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Figure 5.1 shows the photomicrographs of cancer cell proliferation assay, which
illustrate the effects of muscadine extracts aginst both HT-29 and MCF-7 cancer cell
growth compared to controls without treating samples. The dose-dependent inhibition of
HT-29 cancer cell by muscadine whole extracts is shown in Figure 5.2. Generally, the
muscadine extracts showed significant anti-HT-29 cell proliferation activities when their
concentrations were as low as 8 mg/mL. Compared within the seed and skin portions, the
EC50 values of the seed and Noble skin whole methanolic extracts were ~15 mg/mL,
which suggested that they had a certain degree of inhibitory activities on colon cancer
cells. For both Noble and Carols whole extracts, their inhibition on HT-29 cell viability
was significant. When concentrations of extracts were more than 15 mg/mL, the viable
cell number under the Noble muscadine whole extract treatment was significantly less
than that under the Carols extract treatment. The result was in good agreement with the
previous report of the anti-proliferative activity of muscadine grapes against the HT-29
cell (Yi, Fischer, & Akoh, 2005). To further analyze the contribution of phenolic
compounds on anti-cancer cell proliferation activities, the sub-fractions of seed, Noble
skin, Carols skin, Noble, and Carols whole fruit were studied. As shown in Figure 5.3,
the ethyl acetate (EtOAc) fraction of the seed at approximate concentration of 10 mg/mL
could significantly inhibit 50% of the HT-29 cancer cells, while other sub-fractions were
only effective and significantly different with the control when their concentrations were
over 30 mg/mL. On basis of the antioxidant evaluation tests (Chapter 2), the EtOAc
fraction of seed was rich in the phenolic compounds because the majority of phenolics in
seed portion were extracted into the solvent EtOAc. Therefore, one of the explanations
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for the anti-proliferative activity the muscadine seed extract against the HT-29 cancer
cells were attributed to the phenolics. Figure 5.4 suggested that the EtOAc fraction
significantly inhibited the cell viability from 8 mg/mL. Like the EtOAc fraction of the
Noble skin portion with a high amount of phenolics, the n-butanol (BuOH) fraction of the
Noble skin portion was rich of anthocyanins. The BuOH fraction presented a significant
effect on cell proliferation compared with control when the concentration of the extract
was more than 24 mg/mL. By contrast, the chloroform (CHCl3) fraction also performed
an inhibitory activity on HT-29 cell viability. These results are shown in Figure 5.5 that is
plotted by the concentration vs. cell proliferation. It is obvious that both phenolic-rich
(EtOAc extract) and anthocyanin-rich (BuOH extract) fractions significantly inhibited the
growth of cancer cells at higher concentrations. By contrast, the Carols muscadine grape,
which contains much less amount of anthocyanin, has much weaker inhibitive activities,
except of its EtOAc fraction with the EC50 value at approximate concentration of 35
mg/mL (see Figure 5.6).
Furthermore, several phenolics standards, including some of the main phenolic
compounds in Muscadine grape, were selected to analyze their efficacy to inhibit cancer
cell proliferation. As shown in Figure 5.7, gallic acid was the strongest chemical against
the HT-29 cell proliferation. Only 20% cell survived when the sample was treated by
more than 20 μg/mL of gallic acid. When the concentration of quercetin was higher than
20 μg/mL, the cell viability was significantly lower than that of control. Ellagic acid
presented the significant inhibitory activity of HT-29 cell proliferation as well. Since
anthocyanins can be converted to the corresponding anthocyanidins in small intestinal by
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β-glucosidase (He, Wallace, Keatley, Failla, & Giusti, 2009), 5 anthocyanidins, including
the algycones of anthocyanins identified in the muscadine grape (data are shown in
Chapter 3), were studied with results shown in Figure 5.8. Among the 5 anthocyanidins,
delphinidin significantly inhibited the HT-29 cell viability. Besides, the cells were
significantly inhibited if the concentrations of other 4 anthocyanidins were higher than 30
μg/mL.
Several grape phenolics have been found to possess chemopreventive activity
(Galati & O‟Brien, 2004; Hakimuddin, Tiwari, Paliyath, & Meckling, 2008; Yang,
Martinson, & Liu, 2009). Leifert and Abeywardena (2008) reported that the grape seed
and red wine polyphenol extracts showed the does-dependent inhibition on HT-29 cell
proliferation in their investigation. Other research indicated that the phenolic-rich extracts
of muscadines not only had the inhibitive effect on the colon cancer cell lines (Yi,
Fischer, & Akoh, 2005; Mertens-Talcott, Lee, Percival, & Talcott, 2006), also on the
prostate cancer cell lines (Hudson, et al, 2007), as well as the HepG2 liver cancer cell
lines resulting an apoptosis with EC50 of approximate 2 mg/mL (Yi, Akoh, Fischer, &
Krewer, 2006).
As mentioned in the previous chapters, the muscadine extracts contained different
bioactive compounds, such as gallic acid, catechin, epicatechin, ellagic acid, quercetin,
and epicatechingallate, which have been linked with protective effects on colorectal and
other cancers (Kuntz, Wenzel, & Daniel, 1999; Veeriah, et al., 2006; Ebeler, et al., 2002;
van der Woude, Gliszczynska-Swiglo, Struijs, Smeets, Alink, & Rietjens, 2003; Weyant,
Carothers, Dannenberg, & Bertagnolli, 2001; Yang, Landau, Huang, & Newmark, 2001;
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Birt, Hendrich, & Wang, 2001). Compared with other grapes, muscadines have different
phenolics composition. For instance, ellagic acid is the one of main phenolics in
muscadines, but seldom found in other grape species (Lee, Johnson, & Talcott, 2005, Lin
& Vine, 1990). A previous study reported that ellagic acid at a concentration of 10-5 M
could induce G1 arrest of cell cycle, inhibit overall cell growth, and induce apoptosis in
cervical carcinoma CaSki cells (Narayanan, Geoffroy, Willingham, Re, & Nixon, 1999).
In an animal study, both ellagic acid and quercetin significantly reduced tumor incidence,
and ellagic acid was found to be a better chemopreventor than quercetin (Khanduja,
Gandhi, Pathania, & Syal, 1999).
The potential anticancer activities of anthocyanins have been evaluated by a few
studies (Hou, et al., 2003; Hou, Fujii, Terahara, & Yoshimoto, 2004). Kang, Seeram,
Nair, and Bourquin (2003) reported that anthocyanins and cyanidin reduced the growth of
colon cancer cell lines, e.g., HT-29 and HCT-116. Marko, Puppel, Tjaden, Jakobs, and
Pahlke (2004) found that anthocyanidins significantly inhibited the cell growth of HT-29
cell, of which the IC50 values ranged from 35 to 90 μM for the delphinidin, malvidin,
cyanidin, and peonidin. Katsube, Iwashita, Tsushida, Yamaki, and Kobori (2003) also
found that the anthocyanin fraction showed a high activity in antiproliferation and
apoptosis induction in HL-60 human promyelocytic leukemia and HCT-116 colon
carcinoma cells. After the treatment with 2 mg/mL of anthocyanin-rich extract from
black carrot, cell survival rate of the HT-29 colorectal adenocarcinoma cells were only as
low as 25 % (Netzel et al., 2007).
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Studies also showed that different anthocyanins/anthocyanidins had varied
bioactivities. Among the anthocyanidins, delphinidin exhibited the strongest inhibitory
activity on HT-29 colon cancer cell than other anthocyanidins. In another in vitro assay,
cyanidin and delphinidin in the micromolar range were found to be able to inhibit the
growth of human tumor cells, whereas malvidin was less active (Meiers, Kemeny,
Weyand, Gastpar, von Angerer, & Marko, 2001). In addition, Zhang, Vareed, and Nair
(2005) found that anthocyanidins appear to be the more potent inhibitors of cell
proliferation than the anthocyanins. Nevertheless, the mechanisms of their inhibitive
activities are not clear, though it was hypothesized that polyphenolic compounds might
inhibit the protein kinases that contribute to proliferative signal transduction (Galati &
O‟Brien, 2004).
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Anti MCF-7 proliferation

Figure 5.1 Photomicrographs of cell proliferation assay on effects of muscadine extracts against both HT-29 and MCF-7
cancer cell growth compared to controls.
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Figure 5.1 Photomicrographs of cell proliferation assay on effects of muscadine extracts
aginst both HT-29 and MCF-7 cancer cell growth compared to controls.
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Effect of Phenolics and Anthocyanins on Anti-Breast Cancer
Figure 5.9 presents the potent antiproliferative activity against human breast
cancer cell in a dose-dependent manner for muscadine grape extracts, i.e. seeds, skins,
and whole fruits. All 5 muscadine extracts showed similarly inhibitive tendencies in this
study. When the concentrations of extracts were 8 mg/mL or higher, all extracts of
muscadine exhibited significantly inhibitive effect on cell proliferation compared with the
control. Meanwhile, the EC50 values were in the range of 10-15 mg/mL, which were
much lower than the results of reported by Yang, Martinson, and Liu (2009), who
reported the lowest EC50 at 64.0 ± 3.9 mg/mL on antiproliferative effects of fourteen
grape varieties.
The sub-fractions that contained the rich amounts of phenolics and anthocyanins
were examined in the bioassay of anti-human breast cancer cell proliferation. Similar to
the results of muscadine seed sub-fractions against the color cancer cell lines, the EtOAc
extract of seed (the phenolic-rich fraction) significantly inhibited the MCF-7 cell lines at
the concentrations of 8 mg/mL and higher, with the EC50 as low as ~10 mg/mL (Figure
5.10). Similarly, the EtOAc and BuOH extracts of the Noble muscadine skin, both of
which were rich of phenolic and anthocyanin components, were also significantly
effective against the human breast cancer (Figure 5.11). Unlike other water fractions, the
water fraction of the Noble muscadine skin also had a strong inhibitory activity on the
MCF-7 cell lines with the EC50 at an approximate value of 40 mg/mL, which was due to
some anthocyanins, which are high polar compounds, in the H2O fraction even after the
BuOH extraction. The effects of Noble whole fruit extracts on the MCF-7 cell viability
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are shown in Figure 5.12, which suggested that the EtOAc fraction had the strongest antiproliferative activity. The BuOH extract also possessed the significantly inhibitory effect
when its concentration was higher than 20 mg/mL, though it was less effective than the
EtOAc fraction. In contrast, only EtOAc phenolic-rich fraction of Carols muscadine
whole fruit significantly affected the proliferation of human breast cancer cell (Figure
5.13). All results from the sub-fraction analyses demonstrated that the phenolic-rich and
anthocyanin-rich fractions significantly inhibited the population growth of the MCF-7
cancer cells, which indirectly demonstrated that the phytochemicals, such as phenolics
and anthocyanins, were main cause for the MCF-7 inhibition.
Similar to the anti-cancer analysis of HT-29 cell line, the same chemical standards
of phenolics and anthocyanidins were selected to evaluate their antiproliferative activities
against the MCF-7 human breast cancer cells. As shown in Figure 5.14, except of
catechin and epicatechin, other phenolics standards possessed significant effects on the
inhibition of MCF-7 cells, for which the EC50 values of gallic acid and epicatechin were
at approximate concentrations of 35 and 40 mg/mL, respectively. Similar results were
reported in a previous study that the flavonoids inhibited cell proliferation in a dosedependent manner, and quercetin showed a strong effect on MCF-7 cell viability while
catechin had no obviously inhibitory activity (Hakimuddin, Tiwari, Paliyath, &
Meckling, 2008). By contrast, among the anthocyanidin standards, only delphinidin
showed a certain degree of antiproliferative activity on the MCF-7 cancer cell, but there
were no EC50 values (Figure 5.15). On basis of all results collected from the bioassays
against the MCF-7 and the HT-29 cells, it was suggested that the test phenolics had
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stronger inhibitory ability on MCF-7 cell than the test anthocyanidins. However, both
types of phytochemicals were considered the major bioactive compounds in the
muscadine grapes against the human breast cancer.
As mentioned above, the phenolic compounds in grapes, including the muscadine
grape extracts had potent anti-proliferative activities against many kinds of cancer cells,
in a dose-dependent manner. Such phenomena were similar to the phenolic-rich and
anthocyanin-rich extracts from other fruits and vegetables, which also showed antiproliferative activities towards multiple cancer cells (Rodrigo et al., 2006; Seeram et al.,
2006; Reddy, Alexander-Lindo, & Nair, 2005; Zhang, Seeram, Lee, Feng, & Heber,
2008).
However, some research indicated there were no relationships between total
antioxidant activity and antiproliferative activity against cancer cells. For example, the
total phenolic and flavonoid contents of grapes did not correlate to the antiproliferative
activity (Yang, Martinson, & Liu, 2009). This is in accordance with the reports on
extracts of other fruits, such as strawberries, raspberries, for which no correlations were
found (Meyers, Watkins, Pritts, & Liu, 2003; Sun, Chu, Wu, & Liu, 2002; Liu, Li,
Weber, Lee, Brown, & Liu, 2002; Olsson, Gustavsson, Andersson, Nilsson, & Duan,
2004). Therefore, inhibition of the cancer cells by the muscadine grape extracts could not
be simply attributed to the polyphenol or flavonoid compounds alone. This suggests that,
on one hand, other phytochemicals may also make contribution for inhibiting cell
proliferation (Sung & Lee, 2010). For example, it was found that the CHCl3 fractions of
the muscadine seed and skin portions also possessed a certain degree of antiprolirative
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effects against the cancer cells, although the major bioactive chemicals were still
uncertain; On the other hand, the combination of several different phytochemicals may
exert additively and synergistically for their antiproliferative activity (Yang, Martinson,
& Liu, 2009).
Nevertheless, the mechanisms by which phenolics and anthocyanins inhibit cell
population growth are still unclear. The normal cells are blocked in G1 at a point called
the „restriction point‟, when the cell must make a commitment to continue into S phase,
the DNA synthesis step, or to stop in G1 and wait until conditions are more optimum for
cell replication to occur. In contrast, cancer cells, such as HT-29, MCF-7 cells, likely
have lost this control mechanism and continue through the critical phases of cell division
(S, G2, and M). Previous studies reported that phenolic compounds are able to block
various stages of the cell cycle in S, G2 or M phases via effects on cell cycle regulator
proteins (e.g., p53, p21, p27, cyclin D1, cyclin A, etc.) (Kamei, Hashimoto, Koide,
Kojima, & Hasegawa, 1998; Hou, 2003). Malik, Zhao, Schoene, Guisti, Moyor and
Magnuson (2003) also reported that cells treated by anthocyanins showed a blockage at
the G1/G0 and G2/M phase of the cell cycle. The second theory may be due to the fact
that phenolics can exert their effects on the different signaling pathways such as mitogenactivated protein kinases (MAPK), activator protein-1 (AP-1), or nuclear factor-κB (NFκB), either separately or sequentially, as well as possibly interacting between/among
these pathways, which can offer complementary and overlapping mechanisms of cancer
cell inhibition (Yang & Liu, 2009). Another study reported that the inhibition of the
growth of human breast cancer cells by the wine fraction may be mediated through the
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inhibition of the Ca2+–CaM second messenger system (Hakimuddin, Tiwari, Paliyath, &
Meckling, 2008). CaM is a receptor protein, which binds to calcium and activates various
enzymes in the cell. Increased levels of CaM have been found in tumor cells as compared
to their normal counterparts.
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Conclusions
In the present experiment, the dose-dependent inhibition of cell proliferation was
confirmed in two cancer cell lines, i.e., the colon cancer cells HT-29 and breast cancer
cells MCF-7. The varying magnitude of the inhibitive effects of the extracts of the
muscadine grapes and their sub-fractions on cancer cell proliferation indicated that
muscadine fruits, as well as seed and skin portions had health-promoting properties
against the colon and breast cancer cell growth. Generally, the phenolics-rich and
anthocyanins-rich fractions separated by different solvents exhibited the stronger antiproliferative activities than other fractions. However, the CHCl3 fractions from the seed
and skin extracts might contain some other bioactive phytochemicals that also made
contributions for inhibiting cell proliferation.
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CHAPTER SIX
SUMMARY
The biological functions and the phytochemical profiles of phenolic compounds
of different portions of the muscadine grapes have been described in details in the
previous chapters. The results from the experiments are also summaried as below:
On basis of the results reported in Chapter 2, Noble and Carols muscadine
samples contained high TPC, ORAC, ABTS radical scavenging activities, FRAP values,
and oil peroxidation inhibitive capacity, while the Noble skin and fruit possessed higher
TA contents and seed had higher amount of procyanidins, compared with other common
fruits and vegetables. The further liquid-liquid organic solvent extraction was
successfully applied to separate the phenolics and anthocyanins into different fractions.
There was strong linear relationship between the TPC, TAC and TPA versus their free
radical scavenging, ferric reducing capacities, and oil peroxidation inhibitory activity,
which suggested that phenolic compounds, particularly anthocyanins and procyanidins, in
the muscadine extracts, contributed significantly to their antioxidant potential.
Twenty four individual phenolics including five anthocyanins were identified in
muscadine grapes by HPLC-UV-MS, which were discussed in Chapter 3. The selected
phenolics and all anthocyanins composition in all muscadine whole extracts and subfractions were explored in this study, which indicated a different chemical profile from
other previous reports for grapes. To develop a reliable and convincing ELSD method
for analyzing phenolic compounds, 10 standards were selected to calibrate the ELSD
detection with desirable linearities and low LODs and LOQs. Though the test phenolics
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have different UV absorption, their responses presented by the ELSD presented are
nearly same. In this context, the ELSD technique for quantification of the selected
phenolic acid, flavonoids, and anthocyanins was shown to be successful, practical and
feasible. Using this method, the gallic acid, (-)-epicatechin, and ellagic acid were reported
as the main phenolics in Carols muscadine grapes and seed portion, while anthocyanins
were the main phenolics in Noble muscadine and skin portion.
Chapter 4 investigated the inhibitory effect of the muscadine grape extracts on
three enzymes, i.e. α-glucosidase, α-amylase and pancreatic lipase, regarding their antidiabetic activities. The study demonstrated that the phenolic and anthocyanin-rich
extracts as well as the selected representative phytochemicals for phenolics anthocyanins
(i.e., catechin, quencertin, ellagic acid, cyanidin and cyanidin-3,5-diglucoside) obeyed the
competitive mode against the enzymes. In addition, the EtOAc extract fractions of both
seed and Carols muscadine fruit exhibited the strongest enzymatic inhibition, and the
lowest Ki and IC50 values against the α-glucosidase and pancreatic lipase. This
phenomenon was in coincidence with the highest TPC in the fractions. The methanolic
extracts of whole fruit and skin of the muscadine showed strong inhibitory activities
against the α-glucosidase and lipase. Particularly, its sub-fraction, e.g., the BuOH extract,
exhibited much higher inhibitory activities against both enzymes than the CHCl 3 and
water extracts. This result was ascribed to the majority of anthocyanins in the BuOH
fraction. Moreover, cyanidin exhibited a much stronger anti-diabetic activity than
cyanidin-3,5-diglucoside, suggesting that anthocyanins may have higher inhibitory
activities after being digested. However, there were no obvious inhibition on α-amylase
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for both muscadine phenolics and anthocyanin-rich extracts. Therefore, the results
demonstrated that the muscadine extracts only exerted the strong anti-diabetes activities
on the α-glucosidase and lipase.
In Chapter 5, the dose-dependent inhibition of cell proliferation was confirmed in
two cancer cell lines, colon cancer cells HT29 and breast cancer cells MCF-7. The
inhibitive effects of the extracts of the muscadine grapes and their sub-fractions on cancer
cell proliferation indicated that muscadine fruits, as well as seed and skin portions had
health-promoting properties against the colon and breast cancers. Generally, the
phenolics-rich and anthocyanins-rich fractions separated by different solvents extraction
exhibited the strong anti-proliferative activities rather than other fractions. However, the
CHCl3 fractions from the seed and skin extracts suggested that other phytochemicals
might also contribute the inhibition of cell proliferation.
In summary, the muscadine grapes and/or its extracts possess strong antioxidant
activities, anti-diabetic activities through inhibitions of the α-glucosidase and lipase, and
anticancer activities. In this context, muscadine grapes and its extracts can be considered
promising nutraceuticals.
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